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RESEARCH ON REFURBISHABLE THERMOSTRUCTURAL 

PANELS FOR MANNED LIFTING ENTRY VEHICLES 

By A. H. LaPorte 

SUMMARY 

Studies have been conducted on a group of candidate materials and 
structural concepts applicable to refurbishable composite ablative thermo- 
structural heat shield panel configurations for manned lifting entry vehi- 
cles. Although some relatively advanced material concepts were briefly 
considered, only off-the-shelf materials with overall state-of-the-art 
capability were selected. 

Practical design implications associated with the use of refurbish- 
able heat shield panel concepts, such as panel size constraints, con- 
figuration of joints, substrate panel/ support interactions, heat short 
effects associated with the panel support system, and fabrication and 
cost aspects, have been evaluated and integrated into the selection of 
a recommended thermostructural panel configuration. 

Previously defined thermal and structural environmental parameters 
for a NASA Langley HL-10 lifting entry vehicle have been applied to the 
development of heat shield design curves and structural configurations. 
Critical design cases for thermal and structural analyses have been 
defined. 

Structural optimization studies were performed on a group of sub- 
strate panel configurations in order to define optimum weights within 
a set of design constraints, Significant factors influencing the optimum 
substrate panel design are defined. The inter -relationship between 
required panel support spacing and ablator and substrate panel materials 
was evaluated and found to be significant. The panel flutter problem 
was examined and defined in terms of the HL-10 flight envelope param- 
eters. 

The concept of an integral insulation/support system was investigated 
and shown to provide potential design advantages with further develop- 
ment. 

Total heat shield weights were calculated and compared for the two 
most promising systems on the HL-10 vehicle. Further comparisons 
were made of the total heat shield weights of the selected concept for 
the HL-10, M2-F2 and SV-5 configurations. 



The concept selected consisted of a NASA 602 elastomeric ablator 
supported by a honeycomb matrix which is bonded to a phenolic/glass 
laminate honeycomb substrate panel. The adhesive bond material is 
HT-424. The substrate panel is sup 

r 
orted on the basic vehicle struc- 

ture by a pattern of molded phenolic glass laminate flanged cups. The 
gap between the substrate panel and vehicle structure is filled with 
multilayer microquartz insulation material. 

INTRODUCTION 

In recent years, much study has been directed toward the lifting 
vehicle concept for manned near-earth missions such as logistic ferry 
applications. Economic and operational considerations indicate the 
desirability of designing a multimission capability into these vehicles. 
Accordingly, either the vehicle components should be reusable with a 
minimum of refurbishment or, if economically feasible, they may be 
disposed of and replaced. 

This study deals with a specific class of heat shield concepts that 
have been studied previously for application to multimission manned 
lifting entry vehicles (ref. 1). The double wall ablative heat shield (Figure 
1) consists of an ablative material attached to a rigid substrate panel 
which in turn is supported on the basic vehicle structural shell by an 
attachment system. The space between the substrate panel and struc- 
tural shell is filled with a low density insulation system. The basic 
program objective was to survey a broad spectrum of combinations of 
presently available material and structural components of a refurbishable 
composite thermostructural panel system. A preliminary screening study 
was performed in order to define the most promising concepts and mate- 
rials. Subsequently, a detailed engineering analysis was performed on 
the selected configurations in order to develop comparative data as a 
basis for the final selection. Consideration was given, in the order of 
their importance, to the reliability, weight, and cost of each of the 
configurations. 

This investigation was conducted under NASA-LRC Master Agree- 
ment Contract No. NAS l-5253, Task Order Number 1, “Research on 
Refurbishable Thermostructural Panels for Manned Lifting Entry Ve- 
hicles. ” The study was performed by the Martin Company, Baltimore 
Division. Dr. J. M. Hedgepeth was Program Manager and Mr. W. F. 
Barrett was the program liaison engineer. Mr. A. H. LaPorte was 
responsible for the technical direction of the program and was assisted 
by other members of the Martin Company engineering staff including 
Mr. R. E. Rieckmann and Mr. H. H. Hotchkiss. Other contributors 
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to the program included Mr. J. Cincotta, F. Schor, B. Graham, 
F. Keefe, A. Berwizky, J. Bontya, F. Levinsky, and S. Kozlow. 

Mr. C. M; Pittman of the Structures Research Division, Langley 
Research Center, Hampton, Virginia, was the technical representa- 
tive for the project. 

LIST OF SYMBOLS 

A 

a 

b 

dL 

dP 

E 

h 

k 

M 

M 00 

NJ1 

NJP 

P 

9 

4 
R 

T 

t 

tJ 

xP 

x1 

CY 

A(Y 

element cross-sectional area 

lengthwise support spacing 

peripheral support spacing 

longitudinal panel dimension 

peripheral panel dimension 

modulus of elasticity 

substrate panel depth 

thermal conductivity 

moment 

free stream Mach No. 

number of longitudinal joints 

number of peripheral joints 

panel lateral airload 

dynamic pressure 

heating rate 

radius 

temperature 

thickness 

joint gap width 

periphery of vehicle section 

vehicle length 

coefficient of thermal expansion 

CY (ablator) - (Y (substrate) 
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NOMENCLATURE (continued) 

E 

CL 

P 

(T 

Subscripts : 

AB 

CY 
E 

ins 

J 

k 

L 

min 

max 

n 

nom 

P 
S 

stag. 

t 

tY 

th 

u1t 

Y 

strain 

Poisson’ s ratio 

density 

stress 

ablator 

compression yield 

effective or equivalent 

insulation 

joint 

thermal conductivity 

local 

minimum 

maximum 

individual element 

nominal 

pane 1 

substrate 

stagnation point 

thickness 

tensile yield 

thermal 

ultimate 

yield 

PRELIMINARY SUBSTRATE CONCEPT AND MATERIAL SELECTION 

Discussion of Candidate Concepts and Materials 

This investigation was conducted in order to survey a broad spectrum 
of materials and structural concepts and, subsequently, to screen out 
the less desirable design combinations and arrive at a minimum number 
of thermostructural panel concepts for detailed optimization studies. 
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In addition to a group of substrate panel structural concepts, the 
thermostructural panel was broken down into separate material com- 
ponents, and the most promising materials were selected from each 
group. 

Substrate panel structural concepts. - The candidate substrate panel 
structural concepts are listed below and illustrated in Figure 2. 

(1) Honeycomb panel 

(2) Single and double skin corrugation panel 

(3) Built-up stiffened skin panel 

(4) Bead stiffened skin panel 

(5) Machined waffle skin panel 

A preliminary screening was conducted on the substrate concepts 
by comparing their relative merits with regard to reliability, structural 
efficiency, fabrication problems and reparability. A brief discussion 
of the concept comparisons in each of these areas follows: 

Reliability: The panel concept(s) selected must be consistent with 
the requirement of high reliability. From a structural concept point 
of view (neglecting effects of materials) significant factors are: attach- 
ment techniques, degree of structural redundancy, and susceptibility 
to damage. Generally, all of the concepts appear competitive from a 
reliability point of view with the possible exception of the bead stiffened 
skin configuration. This concept offers a greater degree of damage 
susceptibility due to the possibility of a dent or crease in one of the thin 
skinned beads. Since the panel derives its rigidity from these beads 
and their spacing somewhat limits the degree of structural redundancy, 
its reliability rating should be somewhat less than that for the other 
concepts. 

Structural efficiency: In considering the relative structural efficien- 
cies, the type of loading the panel must carry was taken into considera- 
tion. The structural function of the substrate panel is to transmit local 
airloads to the basic vehicle structure, and therefore, the prime re- 
quirement is for flexural strength and rigidity as opposed to stability 
under an edge loading. Practical waffle and bead stiffened skin con- 
figurations can be shown efficient under edge loading conditions, but 
the need for a panel with moment carrying capability indicates the use 
of a double face panel (such as honeycomb) or a single face panel with 
deep or very closely spaced stiffeners. From a structural efficiency 
point of view, the waffle and bead stiffened configurations would appear 
inferior. 
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Fabrication: A requirement of prime significance here is the need 
to fabricate the substrate panels to a compound contour. This require- 
ment imposes some restrictions on the waffle, and skin-corrugation 
panels. Relatively speaking, the honeycomb panel, bead stiffened panel 
and built-up stiffened skin concepts offer fewer fabrication problems. 
A more detailed discussion of related fabrication problems is presented 
in the subsection on Manufacturing and Quality Control Review of Panel 
Concepts. 

Reparability: The reparability of a panel is a function of the type 
of construction and extent of the damage. For a built-up stiffened skin 
panel, the damaged components may be readily removed and replaced, 
provided that the ablator has not yet been attached to the substrate. 
Similarly, in the absence of an ablative overlay, repair of the honey- 
comb, skin-corrugation, and bead stiffened panels would become in- 
creasingly difficult. Damage to a machined rib on the waffle configura- 
tion would pose a severe repair problem. The presence of ablator mate- 
rial on the substrate panels tends to equalize the relative reparability 
aspects of each of the panel concepts. Accordingly, for purposes of 
comparison, it was considered that no significant difference exists be- 
tween the panels in terms of reparability. 

In order to summarize the previous considerations in a convenient 
form, an evaluation chart has been generated which assigns a numerical 
rating to each concept in each category. Since not all of the factors 
have equal significance, a “significance factor” has been assigned to 
each one. The highest significance factor is 1.0 and is assigned to 
panel reliability. Significance factors have been selected for the other 
categories as follows: 

Category Significance factor 

Reliability 1.0 

Structural efficiency 0.90 

Fabrication 0.70 

Reparability 0.50 

The basic numerical rating system is tabulated below: 

Good -- 3 

Fair ‘-- 2 

Poor -- 1 
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The evaluation chart is shown in Table 1. 

TABLE 1. PRELIMINARY RATING OF SUBSTRATE 
PANEL CONCEPTS 

Concept 
. .- 

Honeycomb 

Skin - 
corrugation 

Built -up 
stiffened 
skin 

Bead 
stiffened 
skin 

Machined 
waffle 
skin 

Reliability 

3 

3 

Structural 
efficiency 

.2.7 - 

2.7 

1.8 

0.90 

1.8 

Fab. Reparability 

2.1 1.0 

1.4 1.0 

2.1 

2.1 

1.4 

~__. 

1.0 

1.0 

1.0 

ion panel 

Total 
points 

8.8 

8.1 

% of maximum 
possible points 

94.5 

87.0 

7.9 85.0 

6.0 64. 5 

7.2 77.5 

Based on the preliminary ratings established for each panel concept, 
the bead stiffened and waffle stiffened configurations were eliminated 
from further consideration. Preliminary consideration of built-up 
stiffened skin configurations shows that from a structural efficiency point 
of view this concept is best realized by a combination of small closely 
spaced stiffeners running in one direction and supported on widely 
spaced transverse stiffeners. This configuration in its ultimate form 
becomes analagous to a single skin corrugation panel supported on 
transverse stiffeners. The three most promising concepts then become: 

(1) Honeycomb panel 

(2) Double skin corruga 

(3) Single skin corrugation panel 

Prior to a detailed examination of these concepts it was necessary 
to select a group of promising materials for use in the thermostructural 
composite system. 

Substrate panel materials. - The candidate substrate panel materials 
fall into two main categories: metals and plastic laminates. Specific 
materials investigated in each class are defined in Table 2. 
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TABLE 2. CANDIDATE SUBSTRATE 
PANEL MATERIALS 

Metals 

17-7PH (TH 
1050) stain- 
less steel 

6AL-4V ti- 
tanium 

QMV cross 
rolled beryl- 
lium 

2219-T87 
aluminum 

Lockalloy 

T 
Resin designation 

Plastic laminates 

CTL 91LD 

NARMCO 506 

CTL 37-9x 

NARMCO 534 

NARMCO 513 

DC 2106 

Imidite 18 50 

Reinforcement 

181 Weave E 
glass 

181 Weave E 
glass 

181 Weave E 
glass 

181 Weave E 
glass 

181 Weave E 
glass 

181 Weave E 
glass 

1581 Weave - 
994 HTS glass 

Resin type 

Phenolic 

Phenolic 

Phenyl- 
silane 

Phenyl- 
silane 

Silicone 

Silicone 

PBI 

Comparative plots of E/p, cult /p and oy/p for the candidate metal 

substrate materials are shown in Figures 3 through 5. Aluminum was 
eliminated from further consideration based on its inferior high-tem- 
perature performance. Lockalloy was also eliminated as a result of 
its inferior performance at elevated temperature, high cost (400-500 
$/lb, 882-l 102 $/kg) and developmental status. 

Of the reinforced plastic laminates (see figures 6 and 7), the 
silicone resin systems appear consistently inferior to the phenolic, 
phenyl-silane and PBI resin systems. 
Narmco 506 phenolic/glass, 

From a stiffness standpoint, the 
Narmco 534 and CTL 37-9x phenyl-silane/ 

glass and the Imidite 1850/glass systems each appear competitive across 
the expected operational temperature range. From the viewpoint of 
the strength properties of the laminates, the Imidite 18 5O/glass lamin- 
ate is superior to the other materials at all temperatures. Narmco 
506/glass displays good strength behavior up to 500” F (533” K) and then 
declines rapidly. The phenyl-silane/ glass systems show excellent 
strength retention up to 1000” F (811° K), however, at room temperature 



their strength is only 60% of the Narmco 506 phenolic/glass system. 
Also included in Figure 7 are points defining strength properties of 
CTL-91LD resin and 181 weave “S” glass at room temperature and 
500° F (533” I$). An advantage is clearly indicated for “S” glass sys- 
tems, and it is expected that their performance at higher temperatures 
will remain superior to the “E” glass reinforcements. The “S” glass 
is a relatively new development but is available on a production basis 
and is roughly equivalent to “E” glass on a cost basis. Sufficient ma- 
terial property data are not available to generate desi,#n allowable stress 
curves, and accordingly, for purposes of this study, E” glass rein- 
forcement has been considered. 

Based on the above considerations, certain candidate materials 
were screened out of the study effort. A list of the remaining candidate 
substrate panel materials is contained in Table 3. 

TABLE 3. CANDIDATE SUBSTRATE PANEL MATERIALS 

Metals 
n 

17-7~~ (TH 
1050) stain- 
less steel 

6AL-4V ti- 
tanium 

QMV cross 
rolled beryl- 
lium 

AFTER PRELIMINARY SCREENING 

Plastic laminates 

Resin designation 
--___ _-.-..-_..__ ~_~. 

NARMCO 506 

Reinforcement 
-_ 

181 Weave E 
glass 

Resin type 

Phenolic 

CTL 37-9x 

Imidite 18 50 

181 Weave E Phenyl- 
glass silane 

1581 Weave - 
994 HTS glass 

PBI 

Adhesive bond materials. - Bonding materials may be used in the 
assembly of the substrate panels and for the attachment of the ablative 
material to the substrate. Selection of the bond material is critical 
since it may restrict the ablator back face temperature and can effect the 
thermal stresses generated in the composite panel. Since the permis- 
sible temperature at the ablator back face influences the heat shield 
weight, it is of prime importance to establish as high a temperature 
limit as the affected materials will permit. The candidate adhesive 
bond materials are listed below. 

Adhesive bonds : 

(1) HT-424 
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(2) Narmco Imidite 850 (PBI) 

(3) Epon 422 

(4) Metlbond 302 

(5) Metlbond 306 

(6) Metlbond 329 

(7) RTV sil icon elastomers 

Figure 8 shows the bond tensile shear strength versus temperature 
for the candidate adhesives. The Imidite 850 and HT-424 adhesives are 
clearly superior. Above 600” F (589”. K) the Imidite 850 provides greater 
strength than the HT-424. Imidite 850 is a relatively new material, and, 
consequently, material performance data is not as widely confirmed as 
that for HT-424. Strengths for Imidite 850 quoted are based on a post 
cure cycle at 750” F (672” K) which is optional for stainless steel but 
must not be used for titanium. Lower post cure temperatures yield lower 
strength. Depending upon other materials used, the high cure tempera- 
tures could present other problems (degradation of plastic laminates, 
etc. ). Based on the wealth of experience gained with the HT-424, it ap- 
pears more favorable than the Imidite 850 from a reliability standpoint. 

The ablator cold soak thermal stress problem can be partially re- 
lieved by incorporating a flexible bond between the ablator and substrate 
panel. RTV silicon rubber compounds are applicable here but are 
limited to 300° F (422” K) maximum bond temperatures, thereby im- 
posing a severe weight penalty on the heat shield system. 

The application of a mechanical attachment concept to the ablator/ 
substrate interface was briefly considered but discarded since such a 
scheme would require extensive development work which was beyond 
the scope of the program. 

Insulationmaterials. - A group of promising insulation materials 
was surveyed; these materials are listed below: 

(1) Microquartz 

(2) Dynaquartz 

(3) Q-felt 

(4) Fiberfax Lo-Con 

(5) Refrasil batt 
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(6) Thermoflex 

(7) Min-K 1301 

(8) Santocel A 

(9) Resistotherm 

Figures 9 and 10 present data on comparative thermal diffusivity 
and p k values for the candidate materials. Multi-layer microquartz 
with aluminum foil radiation barriers was chosen as the insulation ma- 

terial. The basic material density is 6.21 lb/ft3 (99.48 kg/m3). The 
addition of five 0.0005 inch (12. 7 pm) aluminum foil layers per inch re- 

sults in a composite density of 6.64 lb/ft3 (106.37 kg/m3). The upper 
temperature limit on the microquartz material for short exposure times 
is 3000° F (1922O K). The inclusion of the aluminum foil layers will 
reduce the maximum temperature to approximately 1000° F (811” K). 
Since the adhesive bond between the ablator and substrate and, in some 
cases, the substrate itself have lower temperature limits, this limiting 
insulation temperature imposes no constraints on the design. Thermal 
properties used for analysis of the microquartz insulation are presented 
in Figures 11 and 12. 

Fabrication problems associated with fitting this insulation material 
to complex shapes are minimal since the mat form of the insulation is 
very flexible. 

Ablator materials. - Two candidate ablator materials were con- 
sidered: 

(1) NASA 602 elastomeric ablator 

(2) Low density nylon phenolic (LDNP) 

Property data of these materials are based on refs. 13 and 22 and 
are presented in Table 4 and Figures 13 through 2 1. It should be noted 
here that both the thermochemical and mechanical properties of these 
materials have been chosen as representative values. The elastomeric 
char density shown in Table 4 is associated with the inner portions of 
the char layer and does not account for char density buildup at the surface, 
Char density buildup at the surface is accounted for in the thermal analy- 
sis. 
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TABLE 4, DENSITIES OF CANDIDATE ABLATORS 

Ablator Density 

Virgin Char -- 
lb/ ft3 kg/ m3 lb/ ft3 kg/ m3 

LDNP 36 576.7 15 240.3 

NASA 602 41.5 664.8 10 ( 160.2 

From what is known of the silicone based elastomeric ablators, 
their applications should be restricted to heating rate ranges up to a 
maximum of 100 to 125 Btu/ft2-set (1.135 to 1.419 Mw/m2) due to 
surface recession behavior. No data is available on the allowable 
heating rate ranges for LDNP, but test data indicates that in the heating 

rate range up to approximately 12 5 Btu/ft2-set (1.419 Mw /m2) the sur- 
face recession is somewhat higher than that for the elastomers. At 
higher heating rates, however, its behavior is superior to that of the 
elastomers. Insufficient data is available to develop a definition of the 
composite effects of enthalpy; pressure, shear, and heating rate on 
material performance which would make it possible to establish an op- 
erational envelope for the candidate ablator materials. 

Significant design aspects related to the integration of each of the 
candidate ablators into a composite thermostructural panel system are 
discussed below. 

Ablator material and process compatibility: The NASA 602 ablator 
can be applied to the substrate panel either with or without a honeycomb 
supporting matri.x. Extensive experience has been acquired in injecting 
elastomeric ablators into honeycomb matrices which are bonded to sub- 
structures, and, though time consuming, no significant problems are 
associated with this technique. -_ The application of an unsupported elas- 
tomeric ablator involves certain problems. It would first be necessary 
to premold the elastomeric ablator to the desired panel contours. Subse- 
quently, attachment of the unsupported ablator to the substrate would 
require a compatible bond material. Adhesive bond systems offering 
good strength retention at high temperatures, such as HT-424 and 
Imidite 850, provide poor bond strength with the silicone base elastomers 
and degrade the elastomer properties. An alternative consideration 
would be a silicone base adhesive such as RTV 560 elastomer, but prac- 
tical experience with this material indicates a maximum bond tempera- 
ture limit of 300” F (422” K). Furthermore, verification of the bond in- 
tegrity would introduce quality control problems. An additional problem 
created by the omission of the honeycomb matrix is the resultant re- 
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duction in char stability. It is possible that the addition of fillers such 
as quartz fibers could strengthen the char but the ablator attachment 
problem would still remain. Accordingly, the application of NASA 602 
has been considered only with a honeycomb matrix. Flexible phenolic/ 
glass honeycomb matrices which are readily bonded to compound con- 
toured surfaces have been developed. Open weave flexible matrices are 
currently being developed in order to provide a mechanical interlock 
between the filled ablator and matrix, reduce the matrix density and, in 
addition, reduce the thermal conductance of the ablator/matrix composite 

Because of the relatively brittle nature of LDNP, application of the 
LDNP ablator to the substrate panel with a flexible bond such as the 
RTV 560 silicone elastomer would appear to be advantageous. This 
would, in effect, structurally isolate the ablator from the substrate 
and, thereby, minimize the introduction of load induced stresses due 
to structural interaction and, in addition, tend to minimize the cold 
soak thermal stress problem. However, as mentioned previously, the 
low limiting temperature on the bond imposes a heat shield weight 
penalty. The remaining choice is a relatively rigid bond with a high 
temperature capability, such as HT-424, Limited experience in bonding 
LDNP with HT-424 resulted in severe shrinkage of the ablator at the 
required cure temperature (350" F or 450” K for l-1/2 hr). It is 
apparent that extensive development work would be required in order to 
establish practical techniques for adhesive bonding LDNP to substrate 
panels, 

Brief consideration was given to a mechanical attachment technique 
whereby a crushable honeycomb core material would be bonded to the 
substrate and, subsequently, the LDNP ablator would be molded inte- 
grally with the substrate panel, thereby resulting in a mechanical 
interlock. Prior development work has been conducted on this concept 
to a limited extent with phenolic/chopped glass as the ablator material. 
Further development work in this and related areas could evolve a 
practical ablator attachment scheme with an acceptable degree of re- 
liability. 

Geometry requirements: When the application to the HL- 10 vehicle, 
or any of the current lifting body configurations is considered, the re- 
quirement for matching the ablator to a compound curved substrate 
panel must be satisfied. The flexible cores currently available are 
ideally suited to application in this area and much experience has been 
accumulated working with honeycomb supported elastomers on complex 
curved surfaces. 

In the case of LDNP, it becomes obvious that, within the scope of 
current practical fabrication techniques, the ablator must be pre-molded 
to the desired contour and subsequently matched to the substrate panel 
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in order to produce a reliable and homogeneous adhesive bond. It would 
be possible to use matching tools or, in some cases, to actually employ 
the substrate panel itself as a tool. However, the consideration of 
ablator shrinkage and differential thermal contraction during cure and 
the resultant panel warpage indicates potentially serious problems. 

Reparability: The ablator panels will be susceptible to damage 
during handling and, therefore, a desirable feature for the ablative ma- 
terial would be its ease of repair. 

The NASA 602 elastomeric ablator lends itself quite readily to on 
site repair. The damaged area can be cleaned out and new core and 
material added. Curing can be done at room temperature or by portable 
heat lamps. 

The LDNP, being a pressure molding (100 - 200 psi or 689. 5 - 

13 79 kN/m2), is less amenable to field repair. Depending upon the ex- 
tent of the damage, it might be possible to effect a repair by the use of 
plug type inserts or a castable version of the parent material. Some 
work has been done in the area of castable compounds of LDNP (ref.2); 
however, tests have shown the ablative performance of castable LDNP 
to be inferior to that of the pressure molded material. 

Analysis of Candidate Thermostructural Panel Concepts 

In the previous section, the more significant qualitative comparisons 
of the candidate concepts and materials have been defined. This section 
will discuss the results of the analysis which was conducted in order to 
establish some quantitative relationships among the various configura- 
tions that have passed the initial screening. For preliminary analytical 
studies involving the plastic laminate substrates, the phenolic/glass 
laminate thermal and mechanical properties were used. Thermal 
properties are shown in Figure 22 and Table 5. It was considered that 
this material was representative of the plastic laminate group. 

TABLE 5. PHENOLIC/ GLASS LAMINATE 
THERMAL PROPERTIES 

Density 

lb/in. 3 gm/cm3 

0. 06 1.661 

Specific heat 

Btu/lb-” K J/kg-” K 
----- 

0. 28 1171.5 

Emissivity 

0. 80 
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Comparison of heat shield weights. - In order to evaluate the relative 
efficiencies of the NASA 602 elastomeric ablator and the LDNP ablator, 
an idealized re-entry heating pulse for a typical entry vehicle was 
established as a basis for analysis; it is defined in Figure 23. Total 
heat shield weights were calculated for a vehicle with an assumed 
reference length of 25 ft (7. 62 m). The total wetted area of the vehicle 

was taken to be 727 ft2 (67. 54 m2). In addition, an estimated a.verage 
heating rate over the entire vehicle was established as 0. 0875 q stag: 
The analytical model is defined below: 

Ablator: NASA 602 or LDNP 

Substrate panel: Phenolic /glass honeycomb face 
t = 0. 02 in. (0. 508 mm) 5. 5 

lb/ft3 (88. 1 kg/m3) Hexcel 
HRP core 
Total depth - 0. 25 in. 
(6. 35 mm) 

Insulation: 6. 64 lb /ft3 (106. 37 kg/m31 
microquartz /aluminum foil 

Structural backface : -- Aluminum 0. 05 in. (1. 27 mm) 
thickness 

Temperature constraints : Maximum bond temperature 
800” F (700” K) 
Maximum structural backface 
temperature 150” F (339” K) 

The analysis was performed on the Martin T-CAP III digital pro- 
gram, which is described in Appendix A. The resultant heat shield 
weights (ablator + insulation + substrate) are tabulated in Table 6. 

TABLE 6. COMPARATIVE HEAT SHIELD 
WEIGHTS AND THICKNESSES 

LDNP 2208 1002 -L 2. 15 54. 6 
--___ 
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It can be seen that the LDNP heat shield system weight is 257 lb 
(116 kg) lighter than the NASA 602 system. This amounts to a weight 
saving of approximately lo%, which is significant. 

Data generated in the heat shield weight comparisons were also used 
to develop a curve which defines the effect of bond temperature constraint 
on the required weights for both of the candidate ablators. Curves de- 
fining this relationship are presented in Figure 24. As the limiting bond 
temperature decreases, the increased ablator weight would be partially 
offset by a decrease in the required insulation.weight. 

Thermal stress considerations. - An analytical model was established 
as a basis for comparison of the relative performance of the various com- 
binations of ablator and substrate materials in a typical orbital cold soak 
environment. The model is defined as follows: 

(1) 1. 25 in. (31. 8 mm) ablator material is bonded to a homo- 
geneous substrate plate of thickness (t,) 

(2) Adhesive bond is rigid 

(3) All materials are isotropic 

(4) Composite panel is soaked at a uniform temperature of 
-110” F (194” K) 

(5) Composite panel is free to expand but restrained against 
curvature 

(6) Thermoelastic behavior prevails 

(7) No thermal buckling occurs 

The governing equation for biaxial thermal strain in the ablator be- 
comes : 

‘AB = 
ACY AT 

’ -C(AB 

Ests 

Ests + EABtAB 
(1) 

For the composite ablator panels under consideration, the evaluation 
of thermal stresses requires a consideration of fabrication processes 
unique to each of the configurations. The LDNP ablator is bonded and 
cured to the substrate panel at a temperature of 350” F (450” K) with 
HT-424 adhesive. Accordingly, the base temperature for thermal 
stress analysis is 350” F (450” K). In the case of the NASA 602 ablator , 
the honeycomb matrix is first bonded to the substrate and subsequently 
filled with the ablator material. The entire panel is then cured at 
230” F (383” K) which becomes the base temperature for thermal stress. 
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Table 7 summarizes the pertinent material properties used in the 
analysis. The thermal expansion coefficients for the ablator materials 
are averaged over the applicable temperature ranges. 

Material 

LDNP 

NASA 602 

Stainless 
steel 

Titanium 

Beryllium 

Phenolic 1 
glass 

T 

TABLE 7. MATERIAL PROPERTIES FOR COLD 
SOAK THERMAL STRESS COMPARISON 

a x log 
_- 

in./in.OF 

25.6 

56.3 

6.1 

4. 6 

6.0 

4. 9 

cm/cm°K psi 

46. 1 0.145 

101.3 0.084 

11.0 28. 5 

kN/m2 

1.0 

0.579 

196. 5 

6.6 16 110.3 

10. 8 43.5 299.9 

8.8 4. 3 29. 6 

T E x lo+ 

c1 

0. 25 

0.30 

0. 28 

0.33 

0.03 

0. 16 

%t .-. ~~. - 
0.0082 

0.021 

.AT 

OF 
-~ 

-460 

-340 

OK 

-256 

Results of the analysis are plotted in Figure 25. The curves show 
the thermal stresses in the ablator and substrate panels as a function 
of the substrate panel thickness. It can be seen that for a given sub- 
strate thickness the higher stresses occur in the NASA 602 ablator 
materials and substrate panels. It should also be noted that the allow- 
able stress of the NASA 602 is higher than that for the LDNP. It will 
be recalled that the analytical model used here is based on elastic 
analysis. An inelastic thermal stress analysis conducted on both ab- 
lators would yield results still more favorable to the NASA 602 elas- 
tomeric ablator due to its greater flexibility at’low temperatures. 

Based on the analysis, a set of substrate panel thickness constraints 
can be determined on the basis of material allowable stresses; they 
are presented in Table 8. 
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TABLE 8. SUBSTRATE PANEL THICKNESS 
CONSTRAINTS FOR THERMAL STRESS COMPATIBILITY 

F 
Substrate 
material 

Stainless 
steel 

Titanium 

Beryllium 

Phenolic / 
glass 

Low density 
nylon uhenolic T NASA 602 

1 .  

Max ts 

in. 

0.013 

mm 

0.330 

0.017 0. 432 

0.011* 0.279 

0.084 0. 213 

- 
Mih ts 

- 
Max t, 

in. mm 

0.024 0.610 

0.035 

0.020* 

0.154 

0.889 

0.508 

3.912 I 

Min ts 

*For t < 0. 023 in. s= (0. 584 mm) beryllium fails, for ts => 0. 011 in. (0. 279 mm) LDNP fails. 
For t, <= 0. 030 in. (0. 762 mm) beryllium fails, for ts 1 0.020 in. (0. 508 mm) NASA 602 fails. 

If the substrate thickness exceeds max t,, a failure is induced in the 

ablator material. Conversely, a failure occurs in the substrate panel 
(0 It is 

CY 
= cth) if substrate thicknesses less than min ts are used. 

assumed that the bond strength is adequate. The use of a flexible bond 
material will increase the substrate thickness range. 

Of the ablative materials considered, NASA 602 is less critical 
from a thermal stress standpoint than LDNP. The substrate materials 
may be listed in the order of preference regarding their thermal stress 
characteristics as follows : 

(1) Phenolic/glass laminate 

( 2) Titanium 

(3) Stainless steel 

(4) Beryllium 

The low stiffness of the plastic laminate substrate minimizes thermal 
stresses in the composite panel. Titanium and stainless steel are in 
the same class from a thermal stress point of view with titanium having 
a slight advantage. The beryllium substrate material is incompatible 
with either of the ablator materials for the case considered unless a 
flexible bond is employed. 
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Comparison of substrate panel structural efficiencies. - The relative __- ,~ ~;.-..-~- 
structural efflclencles of the honeycomb and single and double skin 
corrugation concepts in combination with the more promising substrate 
materials were determined for a specific analytical model as defined 
below: 

(1) 24 x 24 in. (0. 61 x 0. 61 m) flat panel 

(2) Four post supports are symmetrically located, free to rotate, 
capable of load transfer normal and parallel to the panel 
surfaces. Supports are located at panel locations so as to 
provide minimal deflections and moments for each concept 
considered 

(3) All edges are free 

(4) Ablator is nonstructural 

For all honeycomb configurations, a 5. 5 lb/ft3 (88. 1 kg/m3) phenolic/ 
glass core is assumed. The weight of the HT-424 adhesive bond is 

0. 14 lb/ft2 (0. 683 kg/m2) per layer. Two bond layers are used in the 
honeycomb and double skin corrugation panel and one layer is used in 
the single skin corrugation panel. 

Both room and elevated temperature conditions were considered. 
The panel loadings are defined for both cases as: 

Case Panel loading 

Room temperature 4 psig (27.56 kN/m2) 

Elevated temperature 2 psig (13. 78 kN/m2) 

The optimum panel weight for each concept and material combination 
was determined within the following constraints: 

(1) Maximum permissible panel deflection = 0. 125 in. 
(3.175 mm) 

(2) Maximum permissible ablator strain for a 1. 25 in. 
(31. 75 mm) thick ablator = 0. 7% 
(This limit was applied only to the room temperature case. 
For elevated temperatures, no ablator strain constraint was 
imposed. ) 
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(3) The substrate stresses shall not exceed ultimate allowables 
for the substrate materials, and panel element stability 
shall be maintained. 

(4) Optimum panel weights must be based on realistic material 
gages both from a fabrication and material availability 
standpoint. Minimum gages are listed in Table 9. 

TABLE 9. MINIMUM GAGES FOR CANDIDATE 
SUBSTRATE PANEL MATERIALS 

Material 

Stainless steel 

Titanium 

B e ryllium 

Phenolic / glass laminate 

hlinimum gage 

in. mm 

0.0015 0.0381 

0.015 0.381 

0.01 0.254 

0. 02 0. 508 

A 1620.computer program was developed in order to determine the 
optimum structural configurations for the honeycomb and skin-corruga- 
tion configurations. Logic diagrams for the honeycomb and single skin 
corrugation programs are shown in Figures 26 and 27. For the single 
skin corrugation, a transverse supporting beam was optimized at a 
maximum permissible depth of 0. 75 in. (19. 0 mm) in order to remain 
compatible with the expected insulation thicknesses. The double skin 
corrugation program was similar to that for the single skin version 
with the exceptions that no transverse supporting beams were consid- 
ered, ‘and the panel was assumed to have isotropic properties. 

Figures 28 through 39 present the results of the optimization study 
for each concept and material combination. It is seen that, within the 
bounds imposed by the minimum gage constraint, the room temperature 
design case dictates the optimum panel weight. The stainless steel 
substrates are the only group whose optimum weight is not influenced 
by the minimum gage constraint. The titanium panel optimum weights 
are severely penalized by the minimum gage constraint, the penalty 
becoming greater respectively with the honeycomb, single skin cor- 
rugation, and double skin corrugation panels. In the case of the beryl- 
lium substrates, the honeycomb panel optimum weight is increased 
only slightly, but the excellent weight potential of this material is 
more noticeably affected in the single and double skin corrugation con- 
cepts by the minimum gage constraint. Similarly, the plastic laminate 
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grow, as represented by Narmco 506 phenolic/glass reinforcement is 
relatively insensitive to the minimum thickness constraint in the honey- 
comb panel configuration but suffers an increasing penalty as the con- 
cept is changed to single and then double skin corrugation. 

For convenience of comparing the effect of substrate material on a 
given panel structural concept, Figures 40 through 42 are compilations 
of the optimum weight curves for the room temperature design case. 
Table 10 compares the optimum weights of each configuration and de- 
fines the applicable constraint for the room temperature case. 

TABLE 10. SUBSTRATE PANEL OPTIMUM WEIGHT 
COMPARISONS AT ROOM TEMPERATURE 

Concept 

_._~_. ~..- 

Honeycomb 

Single skin 
corrugation 

Double skin 
corrugation 

__~.--.-. .~~ 

Material 

Steel 

Titanium 

B e ryllium 

Plastic 
laminate 

__---. ~_. -_.- 
Steel 

Titanium 

B e ryllium 

Plastic 
laminate 

Steel 

Titanium 

B e ryllium 

Plastic 
laminate 

lb/ft2 
_-.---_-. -- 

0. 83 

1. 18 

0. 63 

0. 94 

Optimum weight 
-.-___ 

kg/m2 --___- 
4. 05 

5. 76 

3.07 

4. 59 

0. 88 4. 29 

1. 53 7. 47 

0. 58 2. 83 

0. 86 4. 20 

.- ..-.-. --. 
0.91 

2. 06 

0. 82 

1. 17 
----- ._ _ -.- 

-..---_- 
4. 44 

10.05 

4. 00 

5.71 
__- ._ 

--r Constraint 

Ablator strain 

Minimum gage 

Minimum gage 

Minimum gage 

Ablator strain/ 
skin stability 

Minimum gage 

Minimum gage 

Minimum gage 

Ablator strain/ 
skin stability 

Minimum gage 

Minimum gage 

Minimum gage 
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it can be seen that for steel and titanium substrate materials the 
lightest panel we.ight occurs in the honeycomb configuration. However, 
for beryllium and plastic laminates, the single skin corrugation panel 
offers a slight weight advantage. This crossover is the result of in- 
cluding the adhesive bond weights for each concept. When panel weights 
exclusive of bond layer weights are considered, the honeycomb con- 
figuration is superior for all materials. Adhesive bond weights add 
0.28 lb/ft2 (1. 37 kg/m2) to the honeycomb panel and 0. 14 lb/ft2 
(0. 68 kg/m2) to the single skin corrugation concept. Consideration of 
the panel geometry required for the plastic laminate single skin cor- 
rugation reveals the skin and corrugations to be 0.02 in. (0. 508 mm) 
thick and the corrugation depth and pitch to be 0. 625 in. (15.9 mm). 
As indicated in the following subsection, fabrication of this configura- 
tion is impractical. An additional structural consideration pertinent 
to the single skin corrugation panels is that for the optimum panel 
weight and material,the skin corrugation concept has 50% greater axial 
stiffness than does the honeycomb panel. This results in an increased 
pickup of structural loads from the vehicle primary structure in the 
case of rigid panel supports and, therefore, increased problems with 
the strain sensitive ablators. For the same reason, ablator thermal 
stresses will be greater with skin corrugation panels at the location of 
supporting transverse beams. The use of single skin corrugation 
panels could impose more stringent requirements on local panel 
strength at point support locations relative to honeycomb panels. 

Manufacturing and Quality Control Review of Panel Concepts 

A review of the fabrication aspects of the thermostructural panel 
concepts indicates the best configuration to be the NASA 602 elastomeric 
ablator bonded to a plastic laminate honeycomb substrate panel. 

Relative to the two ablator materials, consideration of the ablator to 
substrate interface problem and tooling costs indicates a clear advan- 
tage for the NASA 602 elastomeric ablator. 

The honeycomb substrate selection was based on consideration of 
fabrication costs, degree of repeatability, tolerances, and general ease 
of fabrication. 

Tables 1 la through lle summarize pertinent fabrication factors for 
the various substrate panel configurations considered. Limitations are 
based on the premise that the panels must conform to a compound 
curvature. Beryllium was not included in these comparisons because 
of its inherent difficulties relative to fabrication (forming, machining 
and handling). Practical applications of beryllium would be limited to 
flat or single degree of curvature honeycomb panels. 
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It is seen that the use of titanium in any structural configuration 
entails forming problems (heated tools) and a more severe restriction 
on curvature than that which is associated with steel. The advantages 
of plastic laminates over the metallic substrate materials are clearly 
evident when considering mold line tolerances and curvature limitations. 

The results of the structural optimization analysis indicate that the 
single skin corrugation and honeycomb substrate panels are competitive 
on a structural efficiency basis and that for the plastic laminate con- 
figurations, the single skin corrugation has a slight weight advantage. 
However, consideration of the plastic laminate corrugation fabrication 
problem indicates that, for the material thicknesses and geometry 
associated with the optimum panel weight, it is impractical to manu- 
facture, (see Table lib). An additional fabrication problem is related 
to the skin-corrugation configurations in that when bonding ablators 
or flex-core matrices to the substrate surface, bonding pressures will 
vary between the corrugation crests and the unsupported face sheet 
areas between corrugation crests. This problem also applies in vary- 
ing degrees to all the concepts except honeycomb. Development work 
would be required in this area to define the magnitude of the problem 
and generate a practical solution, such as temporary fillers for panel 
skin support. 

On the basis of the considerations outlined in Tables 1 la thru 1 le, 
the substrate configurations have been rated in order of preference 
from a fabrication point of view and are listed below in that order: 

(1) 
(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 
(10) 
(11) 
(12) 

(13) 

(14) 

Plastic laminate honeycomb 

Stainless steel honeycomb 

Plastic laminate bead stiffened skin 

Stainless steel bead stiffened skin 

Titanium honeycomb 

Titanium bead stiffened skin 

Stainless s tee1 built -up stiffened skin 

Stainless steel skin-corrugation 

Plastic laminate built -up stiffened skin 

Titanium built-up stiffened skin 

Plastic laminate corrugation (in practical sizes) 

Titanium corrugation 

Stainless steel machined waffle skin 

Titanium machined waffle skin 
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TABLE lla. SUMMARY OF FABRICATION FACTORS-- 
HONEYCOMB SUBSTRATE PANEL 

Item 
Minimum *Curvature Tool heat- 

gage restrictions Tooling ing method Tolerance Remarks 

in. mm in. /in. m/m 
I I 

3613 0.91/0.076 

3616 0.9110. 152 

Plastic 
laminate 
facings 

0.020 0.508 
Limited by material 
availability and 
structural design 

No limit 

Phenolic / 
glass 
honeycomb 
core 

3/16-in. 4.76 mm 18-in. R 0.457-m 
cell cell across R across 
5. 5 88.11 ribbon ribbon 
lb ift3 kg/m3 36-in. R 0.91-m 

along R along 
ribbon ribbon 

Male 
metal 
block- 
vacuum 
bag 

Metal 
bond fix- 
ture vac- 
uum bag 

Autoclave 

Autoclave 

Mold line 
as good 
as tool 

Accurate mold line 
tolerance. Excellent 
adaptability to com- 
pound contours 

l O. 015 in. (* 
0.38 mm) on 
thickness 

*Note: Curvature restrictions in Table 11 are shown as a ratio of the side dimension of a square panel 
to the maximum rise. 



TABLE Ilb. SUMMARY OF FABRICATION FACTORS-- 
SKIN CORRUGATION SUBSTRATE PANELS 

Item 
Minimum 

iwe 
Curvature 

restrictions Tooling 
Tool heating 

method Tolerance Remarks 

Shin 
sheets 

/ in. mm in. tin. 

-- -- -- 

Titanium 0.02 0.508 
corruga- Limited by stretch 
tion forming 

2412 

Steel 
corruga- 
tion 

0.02 I 0.506 
Limited by stretch 
forming 

3613 

Plastic 
laminate 
corruga- 
tion 

0.02 I 0.506 
Limited by material 
available and 
structural design 

No limit 

t 

m/m I 

-- -- -- -- See Table Xla--Honey- ’ 
comb panel facing notes 1 

1 apply here 

0. SOS/ 
0.0508 

Matched 
metal 
dies - 
stress 
relief 
fixture 

Electrically 
heated 600’ F 
(589’ K) 

0.032 in. 
(0.813 mm) 
on mold line 

Very costly operation 

-_ -- -- Not practical in di- 
mensional and geometric 
range considered. Ma- 
terial will tear at radii 



TABLE 1 lc. SUMMARY OF FABRICATION FACTORS-- 
BUILT-UP STIFFENED SKIN SUBSTRATE PANEL 

Item 

Minimum Curvature 
.wge restrictions Tool heating 

in. mm in. /in. m/m Tooling method Tolerance Remarks 

Titanium 0.020 0.508 
skin Limited by forming 

3613 0.91/0.076 Steel Radiant 
marform heat lamp 0.032 in. (0. I313 Minimum bend radii of 21 
die - mm) on mold 
stress line 
relief 
fixture 

Titanium 
hat 
sections 

0.020 0.508 
Limited by forming 

-- -- Standard 
tools - 
steel 
stretch 
blocks 

Resistance 
heat 

Same as above -- 

Steel 
skin 

Steel 
hat 
sections 

0.020 0.508 3614 0.91/0.102 Steel None re- Same as above Heat treat in retort or 
Limited by forming marform quired hydrogen bell furnace 

I 
die 

0.02 0.508 Standard None re- Same as above Same as above 
Limited by forming tools - quired 

_- __ stretch 
blocks 

- 
mastic 
laminate 
skin 

0.02 0.508 
Limited by material 
available and 
structural design 

No limit Female 
metal 
block - 
vacuum 
bag 

Autoclave *O. 004 in. 
(+O. 102 mm) 
on thickness 
mold line as 
good as tool 

Accurate mold line 
tolerance. Excellent 
adaptability to compound 
contours 

Plastic 
laminate 
hat 
sections 

0.03 1 0.762 
Limited by 
fabricability 

No limit Female 
metal 
block - 
vacuum 
bag 

Autoclave Same as above Difficulties in bonding 
for assembly 
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TABLE lid. SUMMARY OF FABRICATION FACTORS-- 
BEAD STIFFENED SKIN PANEL 

I Minimum Curvature 
gage restrictions 

Item in. cm in. I in. 
Tool heating 

m/m Tooling method Tolerance Remarks 
Skin See Table lla 
sheets 1 -- -_ ; -- -- -- 

i -- 
-- honeycomb 

panel facing 
notes apply 
here 

I 
Beaded ’ 0.020 0.508 36/3 0.91/0.076 Steel Radiant 0.032 in. 
titanium Limited by forming marform heat lamp (0.813 mm) 
skin die-stress on mold line 

relief 
fixture 

Beaded 
steel 
skin 

0.020 1 0.508 
Limited by forming 

3614 0.91/0.102 Steel 
marform 
die 

None re- 
quired 

Same as above Heat treat in 
retort or hy- 
drogen bell 
furnace 

Beaded 
plastic 
laminate 

0.020 1 0.508 
Limited by material 
availability and 
structural design 

No limit -- Male 
metal 
block - 
vacuum 
bag 

Autoclave *O. 004 in. 
&to.102 mm) 
on thickness 
mold line 
as good as 
too1 

Accurate mold 
line tolerance. 
Excellent 
adaptability to 
compound con- 
tours 



TABLE lle. SUMMARY OF FABRICATION FACTORS-- 
MACHINED WAFFLE SKIN PANEL 

Material 
Titanium 

Maximum 
izage 

in. mm 
0.25 1 6.35 

Larger gages 
would require 
development 

Curvature 
restrictions Tool heating 

in. /in. m/m Tooling method Tolerance Remarks 
1813 0.45510.076 Drop Radiant 0.062 in. Contour before 

hammer - heat lamp (1.57 mm) machining. 
vacuum on mold line Development of 
plate for springback 
machin- could cut mold 
ing line tolerance 

. in half. Machiw 
or them-mill 
after contouring, 
Expensive 

5teel 0.50 1 12.70 
Larger gages 
would require 
development 

18/3 0.45510.076 Drop 
hammer - 
vacuum 
plate for 
machin- 
ing 

None re- 
quired 

Same as above Same as above 



The use of a heat shield panel concept in lieu of covering an entire 
vehicle greatly simplifies the inspection and quality control aspects. 
Radiographic inspection for voids can be readily employed on the 
plastic laminate substrate/ablator composite. However, the depth of 
the voids would be difficult to define with current state of the art tech- 
niques. Evaluation of the integrity of the honeycomb supporting matrix 
bond to the substrate panel is somewhat questionable. Low frequency 
ultrasonics appear promising but need further development. Research 
is currently being conducted on this problem on related programs. The 
use of plastic laminates implies the need for additional nondestructive 
testing of the laminates for voids prior to assembly. In-process con- 
trols (material shelf life, autoclave temperatures, curing cycles) must 
also be maintained. 

Prior experience has indicated a problem area related to the warpage 
of composite panels during and after fabrication post-cure cycles. It 
is expected this problem will be more pronounced as panel sizes in- 
crease and that development work will be required in order to generate 
a solution. This problem will require resolution by optimizing the 
sequence of bonding operations and directional properties of the ma- 
terials to minimize distortion. *: 

Material and Fabrication Cost Comparisons 

Cost comparison data have been generated relative to the candidate 
heat shield concepts and materials. The information is presented in 
Tables 12 and 13. 

Table 12 contains the basic material costs for the candidate substrate 
materials. These costs are based on direct vendor quotations and apply 
to 500-lb (226. 8-kg) lots or greater for the metals and 1000 linear yards 
(914. 4 m), or greater for the laminating materials unless otherwise noted. 

Table 13 defines preliminary estimates of the panel costs per unit 
area for materials and fabrication. These numbers are based on a 

model of 10 identical panels of 6 ft2 (0.557 m2) area each. The lo- 
identical-panel model was chosen on the assumption that 8 vehicles 
would be used with a requirement of 2 spare panels. Note that the costs 
do not include engineering or installation. The costs quoted are for a 
composite of tooling, fabrication and quality control labor as well as 
tooling and fabrication materials. Overhead, general and administrative 
burden and fee are also included. 
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TABLE 12. SUBSTRATE PANEL MATERIAL COST SUMMARY 

Finished thickness 
Costiarea Cost/ weight 

cost 
Material in. mm Sheet size $1 unit m2 $/Ii-l2 $/lb $/kg 

Titanium 
(6Al-4V) 

Beryllium 
(QMV cross 
rolled 
sheet) 

0.015 0.381 36 x 96 in. 306 12.75 137.24 36.90 81,36 
0.020 0. 508 0.914 x 2.44 m 205 8. 55 92.00 18.50 40.79 
0.030 0.762 242 10.01 107.71 14.60 32.19 

0.01 0.254 36 x 96 in. 3308 138’; 00 1484.88 1430.00 3153.15 
0.02 0,508 0.914 x 2.44 m 2734 114.00 1226.64 589.00 1298.75 
0.03 0.762 2978 124.00 1334.24 427.00 941.54 

Stainless 0.01 0,254 36 x 164 in. 25.70 0.63 
steel (17-7 

6.78 1.50 3.31 
0.914 x 4.17 m 

PH TH 1050) 
0.02 0,508 44 x 164 in. 50.10 1.00 10.76 1.20 
0.03 0,762 

2.65 
1.12 x 4.17 m 70.40 1.41 15.17 1.12 2.47 

Narmco 506 
prepreg “E” 

0.028 0.711 50 in. (1.27 m) 24201rl 0.45 4.84 1.79 
0,042 

3.95 
1.067 wide rolls 0.67 7.21 1.79 

glass 
3.95 

1000 yd 914.4 m 

Narmco 
Imidite 
1850 

0.02 0,508 
0.04 1.02 

18 in. (0.457 m) 1250/r-l 16.65 179.15 93.50 206.17 
wide rolls 33.30 358.31 93.50 
50 yd 

206.17 

45.7 m 



TABLE 13. PRELIMINARY COST COMPARISON CHART 

Face 
Core 

Type of 

ablator 

NASA 602 

elastomer 

Plastic 
Plastic 

- 
Substrate 

Honeycomb Skin corrugation 

Stainless steel Titanium Plastic Stainless steel 1 Titanium 
Plastic Plastic Plastic Stainless steel 1 Titanium 

I 
I 
I 

$ per sq ft 631 552 713 1,059 913 1,601 
! 

$ per sq 6790 5940 7672 j 11,395 9824 17,227 
meter / 

LDNP 

’ $ per sq ft 1,074 998 1,166 1,509 1,215 1,917 

$ per 4 11,556 10,738 12,546 16,237 13,073 20,627 
meter I L 

NOTE: Ablator thicknesses are 1 in. (2. 54 cm) for both the NASA 602 and LDNP. 



Concepts Comparison Chart 

In order to compile the results of the screening investigation and 
present a comparison of the more promising concepts and materials, 
a concepts comparison chart which assigns a rating to each configuration 
in the pertinent design categories has been generated. As was done in 
the initial screening, the system is set up on the basis of a numerical 
rating for each design category which is then multiplied by a significance 
factor. The rating system is reviewed here for convenience. Note 
that a finer scale has been used and that a design category has been 
added for thermal stress compatibility. 

Category 
----.~.----___ 

Reliability 

Structural efficiency (substrate) 

Thermal stress (ablator and substrate) 

Fabrication and cost 

Reparability 

The basic rating scale is: 

Rating -___- -.--.-.-..~ 

Good P 

Good/fair 

Fair 

Fair /poor 

Poor 
-.__ _____ -__-_-~___ 

Significance 
Factor 

1.0 

0.90 

0. 80 

0.70 

0. 50 

-. 
Numerical 

Value -- 

3 

2-112 

2 

l-112 

1 

Since a quantitative comparison of the relative structural efficiencies 
of the candidate panels is available (Table lo), a more exacting rating 
system was used here. It consisted of assigning a numerical value of 
3 to the lightest panel and a numerical value of 1 to the heaviest panel, 
which was a titanium double skin corrugation substrate. Intermediate 
numerical values were selected on the basis of a linear interpolation 
along an optimum weight versus numerical value plot. A similar sys- 
tem was used in the fabrication and cost category based on the pre- 
viously discussed cost and fabrication factors. 

Since their performance and design aspects are generally compar- 
able, the single and double skin corrugation panels were grouped to- 
gether. The structural efficiency ratings of the single skin corrugation 
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panels were consistently better than those for the double skin-cor- 
rugation configurations and were taken as representative of the skin- 
corrugation group. 

The concepts comparison chart appears in Table 14. Note that the 
highest overall rating is for the elastomeric ablator on a plastic lam- 
inate honeycomb substrate with a total of 96. 2% of the maximum pos- 
sible points. The elastomeric ablator with a plastic laminate skin cor- 
rugation substrate ranks, second with a 93. 770 total, but it must be borne 
in mind that the fabrication and cost rating of 1.7 assigned to this con- 
figuration assumes that it is practical to manufacture whereas, in 
reality, the dimensions associated with the optimum structural weight 
of this configuration render it impractical from a fabrication point of 
view. 

Selection of Thermostructural Panel Concepts 

Ablator materials. - Investigation of the two candidate ablator ma- 
terials reveals the NASA 602 elastomeric material to offer advantages 
over the LDNP when considering reliability, fabrication and cost, re- 
parability, and thermal stress compatibility. However, a heat shield 
weight advantage is indicated with the use of the LDNP ablator ma- 
terial. In order to evaluate the significance of this weight advantage 
in more detail, both of the ablator materials were retained for further 
analysis. 

Substrate panel concepts. - Generally speaking, the honeycomb and 
single skin corrugation concepts are competitive in terms of structural 
efficiency. In the plastic laminate group, a weight advantage of 0.08 
lb/ft2 (0. 39 kg/m) is indicated for the single skin corrugation. How- 
ever, the fabrication of structurally optimum single skin corrugation 
panels of plastic laminate is not practical. For the metallic candidate 
materials, fabrication problems are more severe for the skin corruga- 
tion concepts, and only the beryllium shows a weight advantage over 
the honeycomb. Accordingly, only the honeycomb concept was selected 
for further analysis. 

Substrate panel materials. - Stainless steel, titanium, beryllium 
and plastic laminates are zzussed in the following paragraphs. 

Stainless steel: The use of stainless steel as a substrate panel 
material has several attractive aspects. From a material performance 
point of view it offers high reliability. Its application involves relatively 
low material and fabrication costs and, hence, permits consideration of 
disposability rather than refurbishment. In addition, studies have shown 
that it offers good structural efficiency over a wide temperature range. 
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TABLE 14. CONCEPTS COMPARISON CHART 

Concept 

Honeycomb 
(f.f,e;glas 

Shin and 
corruga- 
tion 

Substrate Relia - Structural Thermal 
Ablator material bility efficiency stress 

NASA 602 Steel 3 2. 4 2 

Titanium 3 1. 97 2 

Beryllium 2 2. 64 0. 80 

Plastic 3 2. 26 2. 4 
laminate 

LDNP Steel 2.5 2. 4 1. 6 

Titanium 2. 5 1.97 1. 6 

Beryllium 1. 5 2. 64 0. 80 

Plastic 2. 5 2. 26 2 
laminate 

NASA 602 Steel 3 2.34 2 

Titanium 3 1. 54 2 

Beryllium 2 2.7 0. 80 

Plastic 3 2. 36 2.4 
laminate 

LDNP Steel 2. 5 2.34 1. 6 

Titanium 2. 5 1. 54 1. 6 

B e ryllium 1.5 2. I 0. 80 

Plastic 2.5 2.36 2 
laminate 

Fabrication Repar - Total % of maximum 
and cost ability points possible points 

2.0 1. 5 10.9 93.2 

1.9 1. 5 10.37 88. 6 

1. 5 0. 80 7.74 66.2 

2. 1 1. 5 11.26 96. 2 

1.3 1. 3 9. 1 71. 8 

1.2 1. 3 8. 57 73.2 

0. 80 0.50 6. 24 53.3 

1. 4 1. 3 9.46 80.9 

1. 8 1. 5 10.64 90.9 

1. 6 1. 5 9. 64 82.4 

1. 4 0. 80 I. IO 65. 8 

1.7 1. 5 10.96 93.7 

1. 1 1. 3 8. 84 75. 6 

0.90 1. 3 7.84 67 

0. IO 0. 50 6.2 53 

1.0 1. 3 9. 16 78. 3 
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The structural efficiency is not compromised by minimum gage limit- 
a tions . It should be noted, however, that gages less than 0. 01 in. 
(0. 254 mm) are available only in 15. 5 in. (0. 394 m) wide coils, thereby 
requiring splicing in order to attain the required panel sizes. Based on 
these considerations, stainless steel was retained for further study. 

Titanium : Titanium material costs are considerably higher than 
those for stainless steel. I$owever, if favorable design aspects could 
be attained from the use of titanium, the material cost would not be 
prohibitive, though somewhat detrimental to the disposability feature. 
The use of titanium also introduces fabrication problems in that it 
must be hot formed. Analysis reveals that the structural efficiency 
of titanium is severely penalized by a minimum available gage of 0. 015 
in. (0. 381 mm). The titanium industry is currently developing lower 
gage capability on a production basis, but no practical results are 
foreseen in the near future. Without the minimum gage constraint, 
titanium would be competitive with stainless steel on a structural 
basis. In view of these limitations, titanium was eliminated from 
further consideration. 

B e ryllium : From a structural efficiency standpoint beryllium is 
outstanding. Based on preliminary analysis, it appears that a beryl- 
lium substrate would create serious thermal stress problems. The 
cost, fabrication and quality control aspects of beryllium are signifi- 
cant drawbacks. It is obvious that the use of a beryllium substrate 
would have to be based on a requirement for re-use and the attendant 
refurbishment, inspection and reliability problems. The weight 
advantage to be gained through the use of beryllium does not outweigh 
the reliability, cost and fabrication drawbacks associated with this 
material and further consideration of beryllium was discontinued. 

Plastic laminates : In terms of structural efficiency, the laminates 
are competitive with stainless steel although somewhat more sensitive 
to the minimum gage constraint than stainless. The fabrication and 
cost characteristics are very favorable. The desirable feature of 
disposability after each mission is also satisfied. The Imidite 1850 
laminate shows the need for further development and, although promis- 
ing, was eliminated from further consideration. Both the phenolic/ 
glass and phenyl-silane/glass laminates were retained for more detailed 
investigation. 

Adhesive bond. - On the basis of its high temperature capability and, 
based on its extensive use in the past, high reliability, HT-424 was 
selected as the adhesive bond system for application to the thermo- 
structural composite. 

35 



Insulation material. - Based on its superior insulation properties 
and amenability to fabrication over complex surfaces, the insulation 
material chosen for incorporation into the heat shield system was 
multilayer microquartz with aluminum foil radiation barriers. 

The material and panel concepts selected for detailed investigation 
are summarized below: 

Ablators: NASA 602 elastomer in honeycomb 
matrix 
Low density nylon phenolic 

Adhesive bond: HT-424 

Insulation: Multilayer microquartz with 
aluminum foil inserts 

Substrate panel materials : 17-7 PH TH 1050 stainless steel 
Phenolic resin/E glass laminate 
Phenyl-silane resin/E glass 
laminate 

Substrate panel concept: Honeycomb panels 

ANALYSIS AND OPTIMIZATION OF SELECTED 
THERMOSTRUCTURAL PANEL CONCEPTS 

In order to develop an insight into the practical engineering im- 
plications related to the application of the selected thermostructural 
panel concepts to a lifting entry vehicle, the NASA Langley HL-10 
was considered as the design configuration. Pertinent environmental 
data have been previously generated under a related task and are de- 
fined in ref. 3. Detailed optimization studies were based on the ref. 3 
environments. 

Panel Size and Orientation Studies 

In establishing the panel overall dimensions (length and width), 
several factors are significant: 

(1) Vehicle size and geometry 
(2) Fabricability 

(3) Influence of panel attachment method 

36 



(4) Joint material and size limitations 

(5) Replacement 

(6) Handling requirements 

The general philosophy was to make the panels as large as possible 
within the constraints listed above. A discussion of each factor follows: 

Vehicle size and geometry. - The overall vehicle size and contours 
must be considered regarding their effect on panel size and orientation. 
Examination of the HL-10 vehicle indicates a basic approach of long, 
narrow panels running longitudinally along the vehicle with possibly 6 
or 8 longitudinal joints and a minimum number of circumferential 
joints. In areas of relatively sharp curvature, the panel size could be 
limited by fabrication or purely geometric constraints. 

Fabricability. - Panel sizes can be influenced by tooling and other 
facilities size limitations. For the thin gages expected in the stainless 
steel substrates (CO. 010 in. or <O. 254 mm), the material is available 
only in 15. 5 in. (0. 394 m) wide coils. Obviously to construct a panel of 
any size it is necessary to splice the narrow strips together. The prob- 
lem is further compounded by the need to stretch form the sheet to the 
desired contour. The stretch forming process requires 6 in. (0. 154 m) 
of material for gripping and an additional 1 in. (0. 0254 m) for trim for 
a total of 7 in. (0. 178 m) of material on each edge of the sheet. Pro - 
vided that a practical fabrication technique could be developed, this 
problem would offer no limit to the panel dimensions. Considering the 
plastic laminate group, the glass cloth is available on rolls in widths 
up to 50 in. (1. 27 m), indicating that a panel of up to 4 ft (1. 22 m) in 
width and any length could be fabricated without need for splicing. 

Influence of panel attachment methods. - The two basic modes of 
panel attachment considered are rigid and flexible. The use of a rigid 
panel support imposes no constraint on the panel’s overall dimensions 
for panel sizes considered herein. However, the design of a flexible 
panel support system is predicated in part on the required panel growth 
the support must permit. Obviously, as the panel size increases the 
required deflection of the panel support increases. If the panel becomes 
too large, it can impose a flexibility requirement on the support that 
makes its design impractical. A stainless steel honeycomb substrate 
panel requires attacnment with a flexible support system in order to 
preclude critical thermal stresses and severe structural interaction be- 
tween the basic vehicle structure and the substrate panel due to differ- 
ential thermal expansion and load induced deformation. An analysis 
was developed which relates the thermal deformation of the substrate 
panel to the flexural strength of a typical support concept and which 
subsequently defines the maximum permissible panel size in order to 
preclude a flexural failure of the support. Specifically, the analytical 
model is defined as follows : 
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(1) Stainless steel honeycomb substrate panel is at 800” F (700” K) 

(2) Phenolic/glass laminate panel support is formed to a channel 
section for flexibility. (Plastic laminate support selected in 
order to minimize heat shorts). Support strength is evaluated 
at 800’ F (700’ K). 

(3) Critical support is located at a corner of the panel and aligned 
with a principal expansion axis. 

(4) Basic vehicle structure is rigid and at room temperature. 

(5) The panel is not exposed to any lateral airloads. 

The results of the analysis and a sample solution are shown in Figure 
43. It is seen that for the case cited, and for practical dimensions (sup- 
port height z insulation thickness = 1.25 in. (3 1.75 mm), support thick- 
ness = 0.04 in, (1.02 mm) and a panel aspect ratio of 1. 5), the maximum 
permissible panel dimensions are 20 x 30 in. (0.508 x 0.762 m). It is 
apparent that the use of flexible supports can significantly influence the 
panel size selection. 

Joint material limitations. - This problem is analogous to the problem 
of panel attachment influence on panel size in that the panel size can at- 
tain such magnitude as to penalize the design of a sealed joint configura- 
tion. The material chosen for the joint sealer has a significant influence 
on the permissible panel size. The subsection on Joint Design Considera- 
tions discusses joint design factors and also develops an analysis for inter- 
relating the panel size with joint material and dimensions. Based on this 
analysis, it was concluded that for the joint material chosen, the’design 
of the joint had no significant effect on panel size limitations. 

Replacement. - Heat shield panels, if damaged to the extent that they 
cannot be repaired, would require removal and subsequent replacement. 
From an operational point of view, the advantage here is obviously with 
a small panel. 

HandlinP requirement. - Handling, shipping, and storage problems 
increase with panel size. Due to the relative flexibility of large panels, 
it may be necessary to attach them to a supporting rig prior to mounting 
on the vehicle. Panel dimensions up to 6 ft (1.829 m) appear reasonable, 

Selection of Heat Shield Panel Sizes and Orientation 

Based on the above considerations, a heat shield panel distribution 
has been developed for an HL-10 vehicle of 26.67 ft (8.128 m) reference 
length. In this case, it was assumed that the substrate panels were plas- 
tic laminate honeycomb mounted to the structure on rigid supports. The 
panel size and orientation would change for a stainless steel substrate 

38 



on flexible supports. The panel breakdown is shown in Figures 44 and 
45 and defined quantitatively in Table 15. It is considered that the fins 
will be separate removable “panels” in themselves. Likewise, the ele- 
vons and nose cap will be separate self-contained removable heat shield 
systems integral with their related structural components. The elevon 
cove and aft end of the vehicle could be protected by removable ablative 
panels but due to the relatively low heat rates in these areas, the panel 
configurations will probably not conform to those of prime interest in 
this study. The maximum panel size is 4 x 6 ft (1.219 x 1.829 m) and 
occurs on the upper surface of the vehicle. 

TABLE 15. PROPOSED HEAT SHIELD PANEL BREAKDOWN 

Item 

Upper body 18 

Leading edge 

Bottom 

Tunnel fairing 

Fins 

10 

11 

3 

3 

Elevons 2 

Elevon cove 6 

Aft end 3 

Nose cap 1 

- ,. - _ _ 

Number 
of panels 

- 
Remarks 

- ..--__ 
Maximum panel size = 4 x 6 ft 
(1. 219 x 1. 829 m) 

Heat shield and structure removed 
as a unit 

Heat shield and structure removed 
as a unit 

Low heating areas. Possibly a 
sprayable ablator on fixed vehicle 
structure or removable panels. 
If panels are used, numbers at 
left apply. 

One piece molded high density 
ablator 

Total refurbishable or replaceable heat shield components (including 
aft end and elevon cove) = 57 

Total number of thermostructural heat shield panels (upper body, 
leading edge, bottom, and tunnel fairing) = 42. 
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Joint Design Considerations 

The following factors must be considered in examining a panel 
joint design: 

(1) Reliability 

(2) Reparability 

(3) Effects on panel removability 

(4) Compatibility with design environment 

(5) Treatment of gaps 

(6) Constraints on panel size 

(7) Effects on panel orientation 

A consideration of prime importance is the treatment of the gaps 
between the panels. Table 16 compares the advantages and disadvantages 
of sealed joint gaps versus open joint gaps. 

TABLE 16. JOINT TREATMENT CONSIDERATIONS 

@en gaps Sealed gaps 

(1) Loss of surface smoothness 
and attendant possibility of local 

(1) Continuous smooth aerody- 
namic surface 

hot spots (2) Consistent with thermal protec- 
(2) Possibility of heat leaks to tion requirements 
substrate panel (3) Pressure seal 
(3) Possibility of pressure build- 
up on back of panel (4) Moisture seal 

(4) Penetration of moisture during ~~)reM~~~eb~~~~ljoint and rep1ace 
prelaunch 
(5) Easier to replace panel 

I 

From the above factors, the use of sealed joint gaps is seen to be 
consistent with the requirement of high reliability; the joint design 
philosophy was based on the concept of a sealed gap. 

The joint material must have sufficient strength and elasticity to 
accommodate the relative growth or shrinkage between adjacent panels 
due to temperature changes and structural interaction. The more 
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promising materials are RTV 560, RTV 580 and NASA 602 ablator. 
The RTV materials are characterized by extremely low brittle points 
(about -150” F or 172’ K) and show superior elongation characteristics 
over the NASA 602 elastomeric ablator in the low temperature range 
(see Figure 46). 

The most severe environmental factor affecting joint strength is 
orbital cold soak. The joint must grow to accommodate thermal 
shrinkage of the ablator panel. In addition, in the near vacuum en- 
vironment during orbit, the pressure structure of the vehicle expands 
and tends to open the panel joints even further. The effect of pressure 
growth was evaluated as follows: 

Assumptions : 

(1) ~te~o$Leopressure structure is 2219 -T87 aluminum working 

o tv -a! 

=tY 
= 5O,OOOpsi(344.7?) 

E = 10.5x 106psi(72.39y) 

(2) xp = 

x1 = 

NJL = 

NJp = 

‘J = 

tJ = 

E = 50,000 x o-89 = 0 ,,(-,38 
10.5 x lo6 

. 

periphery of vehicle section (for analysis of longitudinal 
joints) 

length of vehicle (for analysis of peripheral joints) 

number of longitudinal joints 

number of peripheral joints 

strain in joint material 

joint gap width 
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0. oo38xp 
Therefore: a J = K 

0.0019x1 

JP 
tJ or NJ t (assuming a cy- (2) 

LJ lindrical vehicle) 

The strain induced in the joint material by thermal deformation fs 
defined by: 

where : 

dL or dp = 

(P 
= 

PJ = 

cYJ = 

ATJ = 

panel side dimension (longitudinal d for analysis of 
peripheral joints and peripheral d for analysis of 
longitudinal joints) 

panel strain (-E p for shrinkage) 

Poisson’s ratio of joint material 

coefficient of thermal expansion for joint material 

temperature change of joint material (-AT J for cold soak) 

Combining the thermal and structural interaction strains yields: 

A similar equation applies for the analysis of peripheral joints. 
These equations can be used to establish the constraints imposed by 
the joint material and gap width on the panel size. Since the ablators 
have much higher expansion coefficients than the substrate panel ma- 
terials, a limit condition can be established if we say the ablator thermal 
contraction is unrestrained. For an orbital cold soak condition with 
the ablator at -7 1” F (2 16” K), as defined in ref, 3, an analysis was con- 
ducted based on the following analytical model (based on panel sizes and 
orientations previously defined) : 
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(1) xp = 308 in. (7,823 m) at station 152 

x1 = 320 in. (8.128 m) 

NJP = 8 

NJL = 5 
dP = 48 in. (1.219 m) 

dL = 72 in. (1.829 m) 

(2) RTV 560 ultimate strain = eJ = 128% 

‘1J = 0.40 

“J z 100 x 10m6 in./in. -OF (180 x 10m6 cm/cm-OK) 

(3) NASA 602 ep = - 0,00975 

LDNP 
eP = 

- 0.00339 

The intent of the analysis was to define the joint gap dimensions 
required for the panel sizes and orientations selected and hence deter- 
mine if the required gap sizes were prohibitive (i.e., does joint design 
constrain panel size below the dimensions selected?). The calculated 
required joint gap dimensions are shown in Table 17. It should be 
noted that these are minimum permissible values for the panel con- 
sidered. A smaller joint gap would result in failure of the joint mate- 
rial. 

TABLE 17. MINIMUM JOINT GAP SIZES FOR A 4 X 6 FT 
(1.219 X 1.829 m) PANEL (ORBITAL COLD SOAK) 

Peripheral Longitudinal 
joint gap joint gap 

Ablator Material in. 

NASA 602 

I:: I-- 

mm in. mm 

0.655 16.6 0,488 12.39 

LDNP 0.291 7.39 0.246 6.25 ~~__ --_--- .- 

The minimum permissible gap size decreases with decreasing panel 
sizes. Elevated temperature conditions should be less critical in terms 
of joint strength since the joint material is compressed. However, the 
elevated temperature case could impose a panel size constraint based 
on the compressibility limit of the joint material. Insufficient material 
performance data are available for an analytical treatment of this problem. 
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The calculated ‘oint gap sizes appear reasonable (approximately 1% 
of panel dimension 3 for the extreme case considered. It may be con- 
eluded based on this analysis that for a joint material of RTV 560 sili- 
con elastomer, the interrelationship between joint dimension and panel 
size is not critical. It should be noted, however, that the analysis does 
not consider the strength of the bond between the joint sealer and the 
ablative material. It would be necessary to conduct an element test 
program to establish the integrity of the joint design and verify the 
analysis. 

Table 18 presents a group of panel joint concepts and lists their 
relative advantages and disadvantages. From the standpoint of design 
simplicity and overall functional capability, configuration C appears 
most promising. 

TABLE 18. JOINT DESIGN CONCEPTS 

Configuration Advantages Disadvantages 

Lr 

1. Long heat flow 
path 
2, Mechanical inter- 
lock 
3. Individual panels 
can be removed 
4. Large surface 
contact with ablator 
5. Easy to break 
joint 

1. Long heat flow 
path 
2. Mechanical inter- 
lock 
3. Large surface 
contact with ablator 

1. Mechanical inter - 
lock 
2. Individual panels 
can be removed 
3. Easy to break 
joint for panel re- 
moval 

1. Requires skewed 
edges on all ablator 
panels 
2. Edges are suscep- 
tible to damage 

1. Requires intricate 
shaping of edge mem- 
bers 
2. Individual panels 
cannot be removed 
3. Edges are suscep- 
tible to damage 
4. Difficult to break 
joint for panel removal 

1. Short heat flow 
path 
2. Small surface 
contact with ablator 
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TABLE 18. concluded 

Configuration Advantages Disadvantages 

D 
l&k 
2. 

Lzi 

Mechanical inter- 1. Individual panels 
cannot be removed 

Long heat flow 2. Requires intricate 
path shaping of edge mem- 
3. Large surface bers 
contact with ablator 3. Edges are ex- 

tremely susceptible 
to damage 
4. Difficult to break 
joint for panel re- 
moval 

--- 
Mechanical inter- 1. Short heat flow 

path 
2. Individual panels 2. Although joint is 
can be removed easy to break for 

Large surface panel removal, it is 
contact with ablator extremely difficult to 

clean out and replace 
3. Requires intricate 
shaping of panel edges 
4. Panel edges are 
extremely susceptible 
to damage 

Substrate Panel/Support Interaction and Flexibility Requirements 

Panel supports should be located in such a manner as to minimize 
moments and deflections in the substrate panel. A comparison of the 
problems associated with support spacing studies is outlined in Table 
19. 
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TABLE 19.. EFFECTS OF SUPPORT SPACING 

Large support spacing Small support spacing 

(1) Panel point loadings increase (1) Panel point loadings decrease; 
with possible need for local more nearly uniform intro- 
beefup of panel duction of load into panel re- 

sults 
(2) Panel moments and deflec- 

tions increase (2) Panel moments and deflec- 
tions decrease 

(3) Reliability is decreased 

(4) Panel and support weights 
increase 

(5) There are fewer interface 
points with pressure struc- 
ture and substrate, there- 
fore, fewer matching 
tolerance problems 

(6) Heat short problem is 
minimized 

(7) Advantages to turnaround 
and refurbishability result 

(3) Reliability is increased 

(4) Panel and support weights 
decrease 

(5) Matching problem at pres- 
sure shell/ substrate inter - 
face increases 

(6) Heat short problem increases 

(7) Increased turnaround time 
and refurbishability problems 
result 

Panel support concepts for all configurations must have load carry- 
ing capability between the panel and the pressure structure along the 
panel’ s principal load axis. The supports may be omnidirectionally 
rigid or provide for thermal expansion of the panel while providing load 
capability as required. 

The low elastic moduli that are characteristic of the plastic lami- 
nates indicate that the use of omnidirectionally rigid panel supports is 
possible without creating severe thermal stresses and critical inter- 
action loads between the substrate panel and vehicle structure. The 
high interaction loads and thermal stresses associated with a rigidly 
supported stainless steel substrate panel indicate the need for a flexible 
support system. An analysis evaluating the effect of omnidirectionally 
rigid supports on the panel thermal stresses and interaction loads was 
conducted based on the following assumptions. 

(1) Thermoelastic behavior 

(2) Panel is stable 

(3) Thermal expansion is completely restrained. 

Figures 47 and 48 compare the substrate panel thermal and allow- 
able material stresses for both the plastic laminates and stainless steel 
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substrates. Both materials generate thermal stresses below the critical 
value up to the limiting substrate panel design temperature of 800° F 
(700° K). The stainless steel appears more marginal than the plastic 
laminates, generating 83% of the allowable stress at 800” F (700” K). 
Further, the curve indicates a thermal stress failure at 875” F (742O K) 
for the stainless steel substrate. A comparison of the interaction 
loads generated between the substrate panel and vehicle structure was 
developed. Based on a structural thickness of 0.01 in. (0.254 mm) 
for stainless steel [two 0,005 in. (0,127 mm) panel faces] , and 0.04 
in. (1,016 mm) for the, plastic laminates [two 0.02 in. (0, 508 mm) 
panel faces] the interaction loads developed at each support point 
(assuming a support spacing of 10 in, or 0.2 54 m) are shown in Table 
20. 

TABLE 20. SUBSTRATE PANEL/ VEHICLE STRUCTURE 
INTERACTION LOADS WITH A RIGID SUPPORT SYSTEM 

Stainless steel 

Plastic laminate 1542 I 

Based on the analysis to determine interaction loads, a problem is 
indicated for both plastic laminate and stainless steel. However, con- 
sideration of the tolerances required in such a system in order to meet 
assembly requirements and relief due to panel bowing will reduce these 
values significantly. The subject of panel supports is treated in more 
detail in ref. 14. 

Heat Shield Sizing and Thermal Analysis 

Environmental definition gld thermal analysis criteria, -Thermal 
analyses of both the NASA 602 and LDNP ablator materials were con- 
ducted on the basis of application to a NASA Langley HL-10 vehicle of 
26.67 ft (8.128 m) reference length. Reference 3 defines the flight 
mission profiles upon which the heat shield analysis is based. The 
entry flight trajectories include a nominal, overshoot, and undershoot 
heating environment. Subsequent to developing the heat shield thick- 
ness requirements, compatibility of the design was checked against the 
ascent, abort and orbital environments defined in ref. 3. 

In order to generate ablator and insulation thickness design curves, 
an analytical model and a set of’thermal design criteria were established 
and are defined below: 
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Analytical model: The analysis was based on one dimensional heat 
flow through a representative section of a thermostructural heat shield 
panel. For convenience of definition, the heat shield model is broken 
down into 

(1) 

(2) 

(3) 

(4) 

its separate components : 

Ablator.: Variable thickness to suit design constraints. 
Both NASA 602 and LDNP were considered. 

Substrate Panel: Phenolic/glass honeycomb panel with 0.02 

in. (0, 508 mm) faces, 5.5 lb/ft3 (88.11 kg/m31 core. Total 
panel depth = 0.375 in. (9. 53 mm), 

Insulation: Multi -layer microquartz with aluminum foil 

inserts. 6..64 lb/ft3 (106.37 kg/m3) density. Variable 
thickness to suit design constraints. 

Vehicle Structure: Aluminum, 0,050 in. (1.27 mm) thick- 
ness. For purposes of design curve development, no heat 
losses from the aluminum structure were considered. 

Thermal design criteria: The thermal design criteria are as 
follows. 

(1) 

(2) 

(3) 

(4) 

Safety Factors : For development of the heat shield design 
curves, no factors were applied to heating rates or thick- 
nesses. 

Temperature Constraints: The maximum permissible bond - 
line temperature is 800° F (700” K). The vehicle structure 
maximum temperature is 150’ F (339O K) at or before touch- 
down. After touchdown the temperature is not permitted to 
exceed 400° F (478” K). 

Heat Shield Temperature Distribution at De-Orbit: Based 
on the orbital thermal environment defined in ref. 3, it is 
possible for the surface of the ablator to attain a maximum 
temperature of 282” F (412O K). For purposes of heat shield 
design curve development, the temperature distribution in 
the heat shield at the initiation of re-entry consists of 282” F 
(412” K) through the depth of the ablator to the ablator/sub- 
strate interface. From this point the temperature decreases 
linearly through the substrate panel and insulation to a value 
of 70° F (294” K) at the aluminum structure. 

Heat Shield Temperature Distribution at Launch: The tem- 
perature distribution in the heat shield at launch is taken to 
be 12 5O F (32 5’ K) constant through the ablator depth to the 
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ablator/ substrate panel interface. From this point the tem- 
perature decreases linearly through the substrate panel and 
insulation to a value of 70” F (294O K) at the aluminum struc- 
ture. 

Developmxnt of heat shield design curves. - Data upon which the ~--.- 
heat shield design curves are based were calculated on the Martin 
T-CAP III digital program. Results are contained in Figures 49 
through 52. Ablator and insulation thickness requirements are shown 
as a function of percentage of stagnation point heating, thereby per- 
mitting application of these data to any point on the vehicle. Note that 
de sign curves are presented for both the nominal (total cold wall heat 

L input at stagnation point = 110, 500 Btu /ft2 or 1. 255 GJ/m2 for 5 
0 

) 

and the overshoot (69, 500 Btu/ft2 or 789.29 MJ/m2 for (CL) 
max 

) re- 
max 

entry cases and for both of the candidate ablator materials. Insulation 
requirements are defined for maximum structure temperatures at or 
before touchdown of 200” F and 250” F (376” K and 394” K) in addition 
to the 150” F (339” K) requirement. For this temperature and insula- 
tion thickness range, the ablator thickness curve is unaffected by varia- 
tions in structural temperature levels due to the “infinite slab” effect 
of the insulation. In essence, for the range considered here, the ab- 
lator and insulation thickness requirements are decoupled in the sense 
that the maximum permissible bondline temperature dictates the ablator 
thickness, and the insulation thickness is dependent upon the permissible 
structural temperature. The design curves, however, are based on an 
analysis in which the interaction between ablator and insulation thick- 
nesses was considered. 

Interpretation of heat shield design curves. - The ablator thickness 
requirements as a function of absolute values of total cold wall stagna- 
tion point heat input are plotted in Figure 53 for both the nominal and 
overshoot trajectories and both the NASA 602 and LDNP ablators. Note 
the similarity between the curves for the same material when exposed 
to different re -entry environments. Note also that the LDNP thickness 
curve crosses over the NASA 602 curve at the higher total heat levels 
for the nominal trajectory. This is a manifestation of the higher sur- 
face recession rates of the LDNP in this heating rate range. 

Figures 54 and 55 define the ablator and insulation weight require- 
ments for the cases considered. 

On the basis of the heating rate distributions defined in ref, 3, the 
heat shield design curve data was applied to the HL-10 vehicle. It was 
found that the overshoot trajectory dictated the insulation thicknesses 
on all portions of the vehicle. The ablator thickness requirements 
were found to be dependent upon either the nominal or overshoot trajec- 
tory depending on the vehicle location under consideration. Figures 56 
and 57 define the critical trajectory boundaries for establishing ablator 
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thicknesses. The higher angle,of attack associated with the overshoot 
re-entry results in higher iL/qstag. ratios over the lower portion of 

the vehicle. Comparing the distributions between the LDNP and NASA 
602 heat shields shows the effect of material on the critical trajectory 
boundaries. In this case the significant factor .is the greater surface 
recession sensitivity of the LDNP. 

By designing the heat shield as a composite of more than one. critical 
flight trajectory, an interesting situation is created. For example, for 
a point on the vehicle where the ablator thickness is dictated by the 
nominal trajectory, and (as at all points in this case) the insulation 
thickness is based on the overshoot trajectory, a nominal re-entry 
flight would result in attaining the limiting bondline temperature, but 
the peak structure temperature would fall below the prescribed limit. 
For the same vehicle location exposed to an overshoot re-entry, both 
the peak bondline and structure temperatures would fall below their 
maximum limit. Obviously, the use of a design philosophy such as this 
will significantly influence the establisb.ment of heat shield safety factor 
criteria. 

An estimate was made of the critical qL/qstag ratio below which no 
ablative heat’shield would be required. The analysis was based on 
determining the heating rate associated with a radiation equilibrium 
temperature of 800° F (700° K) and subsequently determining what per- 
centage of the maximum stagnation point heating rate for the nominal, 
overshoot, and undershoot trajectories was requirfd in order to attain 
this value. The resulting ratio is the critical GL/qstag. value. Table 
21 presents the critical ratios. 

TABLE 21. CRITICAL tL/tstag. RATIOS 
I I 

I Trajectory I Critical t,/ qstag 

Nominal 0.01 

Overshoot 0.0164 

Undershoot 0.003 5 

Since the heat shield must be designed for the entire re-entry flight 
corridor, the critical ratio becomes 0.0035, which indicates that for 
heat shield systems incorporating bonded substrate panels (tempera- 
ture limit 800° F or 700° K) such as those considered in this study, 
ablative protection will be required at all vehicle locations. 
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Compatibility of heat shield with mission thermal design envelope. - 
The heat shield design must be capable of exposure to the thermal en- 
vironment associated with all phases of its operational mission envelope 
while maintaining its structural integrity and retaining critical areas 
within their prescribed temperature constraints. 

A representative heat shield point was subjected to the undershoot 
trajectory heating environment in order to determine the effect on 
critical heat shield temperatures. The point chosen was at vehicle 
station 19.2 (see Figure 44) since this represents the most severe 
thermal environment to which any of the panel concepts would be sub- 
jected. The maximum tL/Gstag at this station is 0. 565. Since the . 
undershoot re-entry is characterized by high heating rates and short 
exposure times, the LDNP ablator was analyzed because of its pre- 
dicted higher surface recession rates and, hence, greater sensitivity 
to the high heating rates associated with the undershoot re-entry. For 
the point considered, the LDNP thickness is dictated by the nominal 
re-entry as 1.46 5 in. (37.21 mm) and t.he insulation thickness as re- 
quired by the overshoot re-entry is 1.34 in. (34.04 mm). Note that 
for the overshoot re-entry the GL/tstag.at the design point is 0. 70, 

whereas for both the undershoot and nominal, the ratio is 0. 565. By 
use of the same analytical model as for the design curves and the pre- 
viously defined thicknesses, the heat shield configuration was exposed 
to the undershoot re-entry thermal environment. The resulting maxi- 
mum bondline and structure temperatures are shown in Table 22. 

TABLE 22. COMPARISON OF CRITICAL HEAT SHIELD 
TEMPERATURES FOR UNDERSHOOT RE-ENTRY 

Itern ~~~~~~~~ ?5jfTj 

Maximum bondline temperature 

Maximum structure temperature 

The maximum calculated surface recession is 0. 58 in. (14. 73 mm). 
Based on this analysis, the undershoot trajectory does not appear 
critical for heat shield design. 

Reference 3 defines a maximum heating rate abort trajectory during 
vehicle boost. Examination of the significant heating parameters re- 
veals the thermal environment to be less critical than that for the 
undershoot re-entry case. A comparison of the significant thermal 
environment parameters associated with the undershoot and maximum 
heating rate abort cases is shown in Table 23. 
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TABLE 23. COMPARISON OF UNDERSHOOT AND 
MAXIMUM HEATING RATE ABORT TRAJECTORIES 

Trajectory 

Undershoot 
re - entry 

Maximum 
heating 
rate abort 

Maximum Time from 
Peak stagnation stagnation start of 

heating rate heat input heating -- 

Btu/ft’-set Mw /m2 Btu/ft2 MJ/m2 
to touchdown, 

set 

272 3.087 51,500 584.9 1340 

104 1. 18 19,000 215.8 1233 

During boost to orbit, the unshrouded vehicle experiences heating 
of a moderate nature. Of prime concern here is that no degradation 
of the ablative heat shield is experienced during ascent to the extent 
that the heat shield’s ability to sustain re-entry heating is compromised. 
An analysis of a typical heat shield was conducted based on the ascent 
trajectory defined in reference 3. In order to define the worst pos - 
sible case, the stagnation point thermal environment was imposed on 
a NASA 602 ablator of 1. 63 in. (41.40 mm) thickness. The insulation 
thickness was 1. 29 in. (32.77 mm). T-CAP III analysis revealed that 
the ascent heating environment pyrolyzes 2. 3% by weight of the ablator. 
Since this degradation occurred at the stagnation point, the problem 
of ascent heating degrading the heat shield is, in -this case, not critical. 

Another potential problem associated with ascent heating is that 
elevated temperatures cause the loss of ablator strain capability which 
could result in subsequent failure during orbital cold soak. 

Insulation optimization studies. - Tests were conducted on the 
Martin guarded hot plate facility in order to verify the microquartz 
insulation effective thermal conductivity values used in the analysis 
for required heat shield thicknesses. The test specimen consisted of 
7 layers of microquartz fiber mats with 0.005 in. (0. 127 mm) alumi- 
num foils between each layer. An additional foil layer was added at 
the top and bottom of the stack. The testing procedure conformed to 
ASTM-C- 177-63. Tests were run at a number of atmospheric pres- 
sures and two temperature levels. In one case the outside face of the 
specimen was held at 800” F (700’ K) and the inside face at 80” F 
(300” K). In the second case, the outside specimen face was held at 
300’ F (422’ K) and the inside face at 80” F (300” K). Resultant 
effective thermal conductivity values were taken to be at the average 
temperature of 440” F (500” K) for the first case and 190” F (361” K) 
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for the second. Test results are shown in Figure 58. For compara- 
tive purposes the values used for the heat shield design curve analysis 
are also presented. Note that the value used for analysis is based on 
a pressure of 0.0105 atm. This was taken to be a representative 
value over the entire re-entry run and is equivalent to the ambient 
pressure at lOO,OOO-ft (304. 8 km) altitude. The test values are 
significantly greater than those used for design. Reference 5 indi- 
cates that the thermal conductivity of low density fiber insulations is 
extremely sensitive to mechanical pressure. A mechanical pressure 
existed on the test specimen due to the installation setup and was 

calculated to be 0. 052 psi (358. 53 N/m2). Additional tests were run 
on the same specimen with the foil radiation barriers removed. The 
results are also shown in Figure 58 and reveal that for the tempera- 
ture range of interest in this study (70” to 800” F or 294” to 700” K), 
the aluminum foil inserts can be removed from the insulation system 
with virtually no increase in the thermal conductivity. Although at 
temperatures of 800” F (700” K) radiant heat transfer would normally 
contribute some amount to the effective thermal conductivity, it is 
indicated that, in this case, the microquartz remains opaque to the 
wavelengths associated with radiant heat transfer at these tempera- 
ture levels. Figure 59 presents the atmospheric pressure dependence 
of the microquartz insulation thermal conductivity. The apparent 
sensitivity to atmospheric pressure indicates the need to establish a 
practical pressure criteria on which to base the thermal conductivity 
for detail heat shield sizing analysis (or buy a weight penalty by 
assuming 1 -atm values). 

A design concept was investigated whereby the thermal insulation 
and panel support functions were integrated into a single component. 
The integral insulation/ support system consists of a composite of 
alternating layers of phenolic / glass flexible honeycomb core and alum - 
inum foil (see Figure 60). The use of such a system would provide 
continuous support to the heat shield substrate panel under an external 
airload. A pattern of post type supports would penetrate the insulation/ 
support system at discrete locations in order to tie the ablator/sub- 
strate panel to the vehicle structure. However, since the post supports 
would be relieved of the critical requirement of carrying panel over- 
pressures to the vehicle structure, the amount of post supports could 
be greatly decreased since their spacing would now be dictated by the 
less critical requirements imposed by negative panel pressures and 
flutter criteria. The continuous support concept also minimizes the 
introduction of relatively high local point loadings into the vehicle struc- 
ture, thereby reducing the need for the addition of structural “hard 
points” to the basic structural shell and the attendant weight penalty. 
Since bonding the flexible core/foil elements together to form a com- 
posite would destroy the ability of the foils to act as radiation barriers, 
an alternate approach to assembling the system was selected; it con- 
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sists of stacking the individual components to the ,desired depth and en- 
closing the composite system in a coarse mesh glass cloth bag prior 
to installation on the vehicle. 

Analysis of the concept was conducted in order to establish the 
optimum number of foils. Results are shown in Fi re 81 for the 
case of 1-atm pressure (heat conducted through air Y and a complete 
vacuum. Note that the foil gage is assumed to be 0.005 in. (0. I27 mm). 
Thinner foils could be used but the danger of tearing the foils on the 
sharp holieycomb cell edges would be increased. The basic honeycomb 
core density is 2. 5 lb/ft3 (40.05 kg/m3). 

The calculated density of a 1. 25 in. (3 1. 75 mm) thick honeycomb/ 
foil composite with five foil layers is’5.96 lb/ft3 (95.48 kg/m3) which 
is competitive with the density of the multilayer microquartz (with no 
foils) at 6. 21 lb/ft3 (99. 48 kg/m3). Considering the 1-atm case, the 
composite optimizes at three foil layers for a net density of 4. 58 lb/ 
ft3 (73. 37 kg/m3). 

Tests were conducted on the Martin guarded hot plate facility in 
order to evaluate the heat transfer characteristics of the integral in- 
sulation/support concept. The specimen consisted of five 0. 25 in. 
(6.35 mm) thick 1 ayers of flexible core and four layers of 0.005 in. 
(0. 127 mm) aluminum foil. An additional foil layer was added to the 
top and bottom foils of the specimen. The total specimen weight was 
0. 305 lb (0. 138 kg) for the 9 in. (0. 229 m) diameter disc. This con- 
verts to a specimen density of 6. 65 lb/ft3 (106. 53 kg/m3). As in the 
microquartz tests, runs were made at two basic temperature levels 
such that the average temperatures in the specimens were. 190” F and 
440” F (361” K and 500” K). Tests were also conducted at various 
pressure levels to determine the sensitivity of the system to pressure. 
The test results are shown in Figure 62. For purposes of comparison, 
the test values for the microquartz insulation are also shown. It is 
seen that for the 1-atm case, the effective thermal conductivity of the 
honeycomb/foil concept is between 20 to 40% higher than the micro- 
quartz values. A 7% difference in the relative densities of the sys- 
tems tested exists and is in favor of the microquartz. A single test 
point was run on a 1. 25 in. (3 1.75 mm) thick flexible core specimen 
with no radiation barriers and is also shown in Figure 62. It indicates 
that a significant reduction in the effective conductivity is realized 
through the use of the foil layers. Figure 63 defines the pressure 
sensitivity of the honeycomb/foil concept effective conductivity for the 
two average temperatures. Note that this concept is much less sensi- 
tive to atmospheric pressure changes than is the microquartz. 
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In order to evaluate the design implications of these thermal con- 
ductivity test data, a parametric study was performed to establish the 
interaction between insulation thickness, thermal conductivity, and 
peak structure temperature at touchdown. Since the overshoot re -entry 
trajectory dictates the required insulation thicknesses, it was chosen 
as a basis for the analysis, The maximum qL/qstag ratio associated 

with the overshoot trajectory for vehicle areas whergin the panel con- 
cepts would be applied is 0. 70 (ref. 3). For this study, the ablator chosen 
was LDNP since previous analysis indicates that for a given design point 
the bondline temperature peaks at 800” F (700” K), but earlier in time 
for the LDNP system than for the NASA 602 system, thereby providing 
a longer time period to touchdown for the structure to receive heat. The 
nominal thicknesses chosen for the analysis are taken from Figure 51 
and are: 

LDNP thickness = 1.20 in. (30.48 mm) 

Insulation thickness = 1. 34 in. (34. 04 mm). 

A series of computer runs was conducted on the T-CAP III program 
by applying various correction factors to the nominal insulation thick- 
ness (1.34 in. or 34.04 mm) and the nominal insulation thermal con- 
ductivity upon which the heat shield design curves were based. The re- 
sults are shown in Figure 64. The carpet plot format of Figure 64a is 
useful for interpolation. Interpretation of Figure 64 with regard to the 
indicated increase in the microquartz thermal conductivity above the 
design values was performed as follows: 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

From Figure 58 at 440” F (500” K) and 0.0105 atm, test 
data indicates a k/knom = 1. 70. 

From Figure 64, for k/knom = 1. 70, insulation thickness 
factor = 1.41. 

Estimated average insulation thickness for the nominal con- 
ductivity (k/knom = 1.0) is 1.4 in. (35. 56 mm), based on 
Figure 52. 

Therefore, average thickness required for the test data con- 
ductivity = 1. 98 in. (50. 29 mm). 

The increased insulation thickness adds 0. 30 lb/ft2 (1.464 

kg/ma) to the insulation weight. 

For a 26.67 ft (8. 128 m) HL-10 vehicle, the total wetted 

surface area is approximately 829 ft2 (77.01 m2). Accord- 
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ingly, the increase in heat shield weight due to the change in 
conductivity can be estimated as 248 lb (112.5 kg). 

A similar application of Figure 64 to the test data for the integral 
insulation /support concept indicates the use of this concept would im- 
pose a heat shield weight penalty b f 0. 76 lb/ft2 (3. 71 kg/m2) or-630 lb 
(285.77 kg) on the vehicle. In addition, the use of the honeycomb foil 
concept would increase the requirbd insulation thickness by 67%. 

For purposes of this study, the microquartz thermal conductivity 
values, upon which the design curves are based, were retained. It is 
apparent however that the design of an insulation system for an opera- 
tional heat shield configuration must be based on adequately validated 
data relating its temperature and atmospheric pressure sensitivity. 
Furthermore, the indicated mechanical pressure sensitivity of the quartz 
fiber insulation characteristics implies that a gap should be allowed be- 
tween the substrate panel and insulation at installation, in order to pre- 
clude compression of the insulation by the panels under airload. 

The integral insulation/support concept in its’present form imposes 
a severe weight penalty on the system. Sufficient information is not 
available, nor was it within the scope of this program, to evaluate as- 
sociated tradeoffs such as savings in vehicle structural weight, reduced 
number of attachments, and potential weight reduction in the substrate 
panel. Further development work on the concept is indicated in order 
to more thoroughly define its potential and, if feasible, generate a prac- 
tical piece of hardware, 

Analysis of panel support heat short problem. - One of the problems 
associated with the thermal dzgn of a multipost supported thermo- 
structural heat shield panel is the extent to which the insulating char- 
acteristics of the syztem are compromised by the presence of a series 
of panel support members penetrating the basic insulation system. Sig- 
nificant parameters influencing the heat short problem are support con- 
figuration and material, support spacing, and mass distribution in the 
basic vehicle structure. With regard to this last parameter, considera- 
tion of practical structural design techniques indicates that at each panel 
support /vehicle structure interface, some type of backup structure must 
be provided in order to redistribute the induced concentrated load, The 
requirement becomes more severe as the support spacing increases and, 
hence, the load per support increases. The backup structure may be in 
the form of frames, stringers, intercostals, etc., some of which may 
be required primarily to carry overall loads and happen to be properly 
oriented for purposes of panel support. A realistic appraisal of the heat 
short problem must account for this parameter since it can significantly 
reduce the heat short effect. 

The analytical model for heat short thermal analysis is defined below 
and in Figure 65. 
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(1) Support spacing = 7 in. (0. 178 m) constant. 

(2) The mass of the aluminum backup structure “hard point” is 
variable. Equivalent cross sectional area of the backup 
member is based on its mass and the support spacing. 

(3) The panel support is assumed to be a cup-type with dimensions 
shown in Figure 65. Both phenolic/glass laminate and stain- 
less steel supports were analyzed. 

(4) The overshoot re-entry trajectory and the same materials 
and thicknesses as used in the insulation optimization para- 
metric study were used here. A two-dimensional heat flow 
analysis was conducted on the Martin FB -127 multidimen- 
sional heat flow program. The appropriate bond-line tem- 
perature time history as determined from T-CAP III analy- 
sis was used as the thermal forcing function. 

Results of the heat short study are presented in Figure 66. Note 
that the phenolic/glass support creates a negligible heat short problem. 
This is due to the fact that although the support transfers more heat 
than the insulation, the rate at which the heat is introduced into the 
structure is sufficiently low to permit the high conductivity aluminum 
structure to diffuse it throughout its entire mass. This is borne out 
by the fact that the analysis results indicate no thermal gradient in a 
radial direction from the support. It is seen that for the steel support 
a substantial heat short problem is created. The effect of considering 
the backup structure is quite significant in reducing the peak tempera- 
tures. For the most severe case of a steel support with no backup struc- 
ture, the maximum temperature is seen to be 227” F (382” K). The de- 
sign implications of the heat short problem can be evaluated by going 
back to Figure 64. From Figure 64, it can be shown that an additional 
0.67 in. (17. 02 mm) of microquartz insulation is needed in order to 
reduce the peak temperature to 150” F (339” K). This is equivalent to 

a weight penalty of 0. 347 lb/ft2 (1. 693 kg/m2) or 287 lb (130. 2 kg) per 
vehicle. Obviously, this penalty can be minimized by considering the 
mass of the backup structure. 

Additional analyses were conducted based on varying the support 
spacing. Results are presented in Figure 67 for the case of no backup 
structure heat sink effects. The temperatures are shown at the panel 
support/structure interface. 

Substrate Panel Optimization and Structural Analysis 

Structural optimization studie s. - Detailed structural optimization 
stuxG%@re performed on the substrate /ablator combinations selected 
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in the initial screening study. . The 1620 computer program used in the 
preliminary structural optimization study was modified where neces - 
sary to conform to the following constraints: 

(1) Maximum permissible ablator strains must not be exceeded 
(Figures 17 and 21). 

(2) Allowable substrate material strength and stability limits 
must not be exceeded. 

(3) Since aerodynamic smoothness requirements for lifting entry 
vehicles are not clearly defined, an arbitrary deflection cri- 
terion was applied. The maximum permissible deflection 
between supports was set at 0.02 x support spacing, (Results 
of the study reveal that this criterion did not influence the 
panel requirements. ) 

(4) Minimum permissible gages for honeycomb panel faces were 
set at 0. 020 in. (0. 508 mm) for the plastic laminates and 
0. 005 in. (0. 127 mm) for stainless steel. The stainless 
steel minimum gage constraint was increased above the 0.0015 
in. (0. 0381 mm) value used in the preliminary structural 
optimization in order to account for stretch forming limita- 
tions. For the relatively sharp radii associated with cer- 
tain portions of the vehicle, the minimum gage constraint 
for stainless steel is optimistic. 

(5) The minimum permissible depth of the honeycomb core was 
set at 0. 1875 in. (4. 76 mm) based on manufacturing capability. 

Optimum substrate dimensions and weights were determined for 
substrate panel temperatures of 70”, 300”) and 800” F (294”, 422” 
and 700” K). Honeycomb panel configurations with phenolic /glass, 
(Narmco 506 resin), phenyl-silane/glass (CTL 37-9x resin) and 17- 
7PH (TH1050) stainless steel were considered. Further, each sub- 
strate configuration was optimized for the room temperature case 
for LDNP and NASA 602 ablator thicknesses of 0. 5, 1. 0 and 1. 5 in. 
(12. 7, 25. 4 and 38. 1 mm). 

Typical results of the structural optimization study for the 0. 5- and 
1. 5-m. (12.7 and 38.1 mm) ablator thicknesses are presented in Figures 
68 through 95. The optimization curves appear in two formats. One set 
defines the interrelationship between required panel face thickness, panel 
depth, and the critical design moment in the panel. Presenting the data 
in this form enables the critical constraint on panel optimization to be 
identified, For example, in Figure 68, the de sign boundaries imposed 
by the manufacturing restraint (minimum panel depth) and minimum face 
gage define the design “corridor” within which the panel may be op- 
timized. Within these limits, it is seen that, in this case, the constraint 
on optimum panel design is the permissible ablator strain. The second 
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format defines the required panel weight in terms of panel depth and 
critical design moment. Note that the substrate weights shown in the 
curves are exclusive of the adhesive bond weight, A unit weight of 0.42 

lb/ft2 (2.05 kg/ma) should be added to the plotted weights in order to 
account for three layers of HT-424 adhesive. Here again, the manufac - 
turing and minimum gage constraints define the design corridor, and it 
is seen that the optimum panel weight is attained at the intersection of 
the two corridor boundaries. For optimum design then, the critical 
moment in the panel is that which intersects the juncture of the corridor 
boundaries. For a given panel pressure loading, the critical moment 
in the panel is dependent upon the panel support spacing. Hence, the 
optimum panel design dictates the design moment which in turn dictates 
the support spacing. In order to establish a true optimum, weight trade- 
offs between the panel and support weights should be considered. In- 
formation presented in the following subsection, Panel Support Spacing 
R,equirements, relative to support weight factors indicates that no sig- 
nificant savings in weight can be gained by trading off between panel and 
support weights since practical support configurations, even in dense 

patterns, contribute only approximately 0. 05 lb/ft2 (0.244 kg/m2) to the 
system weight. There may be specific design cases, however, where a 
weight tradeoff could be significant. Operational consider ations could 
to some extent influence the selection of an optimum panel design in the 
sense that although a given configuration may provide a minimum struc- 
tural weight, the number of attachments required to realize that weight 
(at optimum panel design moment) could be much greater than the num- 
ber required for a configuration which weighs a bit more. Therefore, 
from a standpoint of turnaround time and general refurbishability, or 
access to interior compartments, the slightly heavier design might be 
more desirable. An additional factor to be considered in establishing 
the support spacing is the location of existing hard points on the vehicle 
structure. Obviously, the vehicle structural design and heat shield sup- 
port requirements must be closely coordinated in order to arrive at a 
satisfactory compromise. 

Figures 96 through 99 illustrate the influence of changing substrate 
and ablator materials on the critical design constraints and optimum 
design moments. Note that changing the substrate material from stain- 
less steel to phenolic/glass laminate eliminates intercell buckling as 
the critical constraint, and ablator strength becomes critical for de- 
sign at the optimum weight. For the phenolic/glass laminate substrate, 
a change from NASA 602 to LDNP ablator makes ablator strength critical 
over a wider range of panel depth and weight. Figure 99 superimposes 
the design corridors for the three candidate substrate materials. In- 
spection reveals that, although the optimum weights are fairly comparable, 
the phenolic/glass substrate is lighter. 
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Another yardstick by which to evaluate the relative capabilities of 
the substrate panel materials is the critical moment at the optimum de- 
sign point.. As noted previously, as the optimum design moment in- 
creases, the required number of supports decreases. Table 24 and 
Figure 100 present comparisons of optimum design moments for phenolic/ 
glass and stainless steel. For the room temperature case, the phenolic! 
glass and phenyl-silane /glass optimum moments are nearly identical. 

TABLE 24. REPRESENTATIVE OPTIMUM MOMENTS 
FOR PANEL DESIGN AT 70° F (294” K) 

Optimum moments 
Ablator material 

Substrate 
panel 

material 

17-7PH 0.50 12.7 46 205 
(TH1050) 1.50 19.05 27 120.1 
Phenolic / 0.50 12.7 60 266.9 
glass laminate 1.50 19.05 22 97.9 

NASA 602 

Note that the highest optimum design moments are for the phenolic/ 
glass honeycomb substrate with the NASA 602 ablator. Generally, the 
optimum design moments are higher for the phenolic/glass substrates 
as opposed to steel. The exception occurs when comparing the sub- 
strates with the LDNP thicknesses of 0.84 in. (2. 13 cm) or greater. 
The phenolic/glass substrate has a slightly lower optimum design mo- 
ment due to the low allow able strain of the LDNP. To interpret these 
optimum design moments in terms of panel support requirements, the 
curves of Figure 102 were employed (see following paragraphs, Panel 
Support Spacing Requirements). For a support spacing aspect ratio of 

1.0 and a panel design overpressure of 12 psi (82.74 kN/m2), the re- 
quired support spacings were determined for the optimum design mo- 
ments as defined in Table 24 and Figure 100. The support requirements 
are defined in Table 25 and Figure 101. 
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TABLE 25. COMPARISON OF TYPICAL PANEL SUPPORT 
REQUIREMENTS AT 70” F (294” K) 

Substrate 
panel 

material 

17-7PH 
:TH1050) 

Phenolic / glass 
.aminate 

Ablator 
thickness 

-. L 
1 - 

in. -~- 
0.50 7. 72 83.10 7. 96 85. 65 
1. 50 13. 7 147.41 -I- 7. 96 85. 65 

0. 50 6. 15 66.17 1.77 19.05 
1. 50 16.2 174.0 4. 37 47.02 

12. 7 
19.05 

12. 7 
19.05 

mm 

Supportrequirements 

Ablator material 

LDNP 1 NASA 602 

per ft2 I per m2 per ft2 per m2 

It is significant to note that for the case of the NASA 602 ablator, the 
number of supports required for the phenolic/glass substrate is signifi- 
cantly fewer than the number of supports required by the steel substrate, 
depending upon ablator thickness. 

Panel support spacing requirements. - The relationship between .-___ ~- 
support spacing, panel design overpressure and panel design moment 
was generated by the method of Timoshenko (ref. 6). For this par- 
ticular case it was assumed that the support reacted the panel load 
over a circular area, the radius of which is 0. 05 x support spacing. 
Curves defining the relationship are presented in Figures 102 and 103 
for two support spacing aspect ratios. 

In order to gain a quantitative evaluation of the significance of the 
panel supports in terms of weight, a detail stress analysis was con- 
ducted on two post-type support designs, consisting of a flanged cup 
configuration and a hat section member. The results are presented 

in Figures 104 and 105. The design case was a 19. 45 ft2 (1. 81 m2) 
panel at room temperature exposed to design overpressures of 2 and 6 

psi (13. 79 and 41.37 kN/m2). The results are shown in terms of total 
attachment weight versus attachment load and indicate that, except at 
very low attachment loads (large number of attachments), the attach- 
ments comprise a small percentage of the total system weight. 

Attachment of the substrate panel to the basic vehicle shell by 
means of any practical point support system would necessitate pene- 
tration and, subsequently, a structural discontinuity in the panel. In 
the case of a honeycomb panel, the panel support itself could be de- 
signed to provide local reinforcement to the panel inner face by bond- 
ing the cup flange directly to the penetrated area. The outer face, 
which would be more critical under a design overpressure, would 
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require the addition of a local doubler or, possibly, the ablator itself 
might provide sufficient reinforcement for the critical design pressures, 
which are normally associated with launch abort situations wherein 
most of the ablator would be at or near room temperature. Local dis - 
continuity problems may or may not be significant depending upon the 
materials, geometry’and types of loading involved. Standard analytical 
methods are available for evaluating stress concentration problems and 
should be supported by element tests. 

Panel flutter considerations. - Flutter design criteria for multipost 
supported substrate panel/ablator composites were established based 
upon available experimental data. 

Experimental results for the flutter of flat rectangular plates are 
defined in ref. 8 and are represented in Figure 106 for use as a 
flutter boundary criteria. 

In considering post supported panels, the panel boundaries were 
taken to be that portion of the panel bounded by a set of four supports 
of streamwise spacing (a) being the equivalent length and spanwise 
spacing (b) the equivalent panel width. This panel breakdown was 
based on the assumption that the most critical mode of flutter will be 
the simply supported modes bordered by the posts (line of spanwise 
posts being a node line). As indicated in ref. 9 for many stream- 
wise bays and infinite width, the number of bays is not important, with 
the single bay solution being the most critical flutter solution when 
damping is included. 

Based on these assumptions, a curve of the minimum equivalent 
panel thickness required to preclude flutter is given in Figure 107. 
These curves were determined from an envelope of maximum dynamic 
pressure at various Mach numbers for the HL-10 trajectories in 
reference 3. The trajectories considered in establishing the flutter 
design envelope were: Nominal Ascent, Maximum, Heat Rate Abort, 
Maximum Dynamic Pressure Abort, Maximum Load Factor Abort, 
and Nominal, Overshoot, and Undershoot Re-entry. It is seen that a 
maximum value of flutter parameter occurs at Mach 1. 5 and is due to 
the Maximum Dynamic Pressure Abort Trajectory. Panel designs 
should be based on this maximum flutter parameter in order to assure 
compatibility with all of the operational mission requirements. 

A method for including the effects of panel curvature in the flutter 
design criteria is to utilize the previously defined boundary criteria 
with an adjusted equivalent panel thickness. This thickness would 
correspond to a flat panel thickness required to give the same critical 
buckling stress as that of the curved panel. Based on data in ref. 
10 the curvature correction factored was established and is pre- 
sented in Figure 108. 
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Another factor influencing the flutter characteristics of panels is 
pressure differentials across the panel. Independent experimental in- 
vestigations have shown that small amounts of differential pressure 
can significantly increase the flutter dynamic pressure. For example, 
test results of Titan I test panels (ref. 11) show that a differential 

pressure of 0. 2 psi (137. 9 daN/m2) is sufficient to preclude flutter 
for the design trajectory. Similar results are shown in ref. 12. 

The inclusion of stiffness and structural damping in the panels 
afforded by the ablator material and the probability of differential 
pressure across the panels tend to mitigate the flutter problem. 
Based on these factors, the defined flutter boundary criteria should 
be conservative. 

Application of Design Data 

The design data defined in the previous subsections were applied 
to selected panel areas of the HL- 10 vehicle in order to evaluate the 
composite thermostructural panel design requirements for a typical 
manned lifting entry vehicle as represented by the NASA Langley 
HL- 10 configuration. 

Panel identification and environmental definition.- Based on the 
heat shield pa%?l-orienta&~definedin~& subsection on vehicle size 
and geometry under Analysis and Optimization of Selected Thermo- 
structural Panel Concepts, three panels were selected as being re- 
presentative of the design extremes that would be encountered on the 
HL- 10 configuration and are defined in Figure 109. The leading edge 
panel was selected since it is exposed to the most severe load and 
thermal environment of any panel on the vehicle. In addition, this 
panel has one of the highest degrees of curvature. The crown panel 
(upper surface) is the largest panel on the vehicle and is exposed to the 
low order thermal and load environments that are typical of the vehicle 
upper surf ace. The bottom panel is representative of the average design 
requirements for panels of this type. Most of the analysis and design 
application studies were performed on the leading edge and crown panels 
since they represent the extreme design cases. 

Based on the heating rate distributions defined in ref. 3, a heating 
rate ratio envelope can be defined for any panel. Figures 110 and 111 
present the applicable envelopes for each of the sample panels for the 
nominal and overshoot re-entry cases. These data can be used to de- 
fine the heat shield thickness range associated with each panel. 

Based on ref. 3 pressure distribution data and supplementary 
NASA Langley wind tunnel test data, the flight environment spectrum 
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of the HL-10 vehicle was surveyed and a set of critical design pres- 
sures for the sample panels were defined. The pressures were 
based on the assumption that the insulation space between the sub- 
strate panel and the vehicle structure is vented to a point on the ve- 
hicle upper surface toward the aft end. Further, it was assumed that 
the pressure coefficient at the vent location was -0.40 and that no 
venting lag existed. The resulting design pressures are defined in 
Table 26. 

TABLE 26. CRITICAL LIMIT DESIGN PRESSURES AND 
TEMPERATURES FOR SUBSTRATE PANEL DESIGN 

Maximum 
Limit substrate 

pressure temnerature 

Panel 

’ Leading 
~ edge 

Bottom 

Crown 

I .- 

~ psi kN/m2 “F 
I 

a. 5 58.61 125 

6. 64 45.78 280 
2. 60 17.93 800 
5. a5 40.33 125- 

OK Condition 

325 Maximum load factor 
abort 

411 Undershoot re -entry 
700 Nominal re -entry 
325 Maximum load factor 

I I 
abort 

4. 64 31.99 280 411 Undershoot re-entry 
I. a2 12.54 800 700 Nominal re - entry 

- 
1. 15 7.93 125 325 Maximum dynamic pres - 

sure abort 
0.44 I 3.33 280 411 Undershoot re-entry 
0. 23 1.59 800 7 00 Nominal re -entry 

-0.44 -3. -23 620 600 Overshoot re -entry 

For purposes of structural analysis, the limit pressures shown in 
Table 25 were applied in combination with a safety factor of 1. 50. 

Panel design comparisons based on optimization studies. - For the 
three sample panels, the results of the structural optimization study 
were applied in order to evaluate the interrelationship between honcy- 
comb substrate panel depth and support s 
the substrate panel material was phenolic B 

acing. It was assumed that 
glass laminate. The maxi- 

mum and minimum ablator thicknesses on each panel were determined 
from the heating rate ratio envelopes and the heat shield design curves 
and are defined in Table 27. 
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TABLE 27. ABLATOR THICKNESS RANGES 
FOR SAMPLE PANELS 

Item 

(NASA 602) 
t max 

(NASA 602) 
t min 

(LDNP) tmax 

(LDNP) tmin 

Leading edge panel 

Sta 19.21 
-~..-__ 

Sta 80 

in. 

1.39 

0. 96 

1.47 

0. 86 
__- 

__- 
cm 

2.90 

in. cm 

1.07 2.72 

2. 26 0. 96 2. 44 

2. 69 0. 98 2. 49 

2. 00 0. 82 2. 08 

Bottom panel 

Sta 80 T 
a 

Sta 152 

Crown 
panel 

All points 
_____ --- 
in. cm 

0. 36 0.91 

0. 36 

0. 34 

0.34 

0.91 

0.86 

0. 86 

The ablator thicknesses in Table 27 were used as a basis for select- 
ing which substrate optimization curve to use for the design cases where- 
in ablator strain was a factor. Based on a support spacing aspect ratio 
of 1. 5, the required support spacings for panel depths of 0. 2275 in. 
(5. 78 mm), 0. 25 in. (6. 35 mm) and 0. 375 in. (9. 52 mm) were deter- 
mined. All of the design cases presented in Table 26 were surveyed, 
and it was determined that the leading edge and bottom panel designs 
were critical for the maximum load factor abort case, and the crown 
panel was critical for the maximum dynamic pressure abort case. 
Typical results are shown in Table 28 for the point of maximum 
ablator thickness in each phenolic/glass substrate panel. Note that 
the required support spacings are for the critical panel design case 
and the value shown is the short dimension (assumed aspect ratio = 1. 50). 

TABLE 28. SUPPORT SPACING REQUIREMENTS 
FOR VARIOUS PANEL DEPTHS AND ABLATORS 

- 
Substrate 

panel depth 
m panel 

1 NASA 602 
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As would be expected, the required support spacing increases with 
increasing panel depth. By increasing the panel depth from 0. 25 in. 
(6. 35 mm) to 0. 375 in. (9.52 mm), the support spacing can be increased 
by approximately 45%. Table 28 also shows that for any given panel 
depth, the support spacing required for NASA 602 system is approxi- 
mately twice as great as the requirement for the LDNP system. The 
significance of this relationship is more meaningful when expressed 
in terms of the required number of attachments per unit area as shown 
in Table 29. 

TABLE 29. COMPARATIVE SUPPORT 
DISTRIBUTION DENSITIES 

Leading edge panel 

Substrate LDNP NASA 602 

panel depth per per per Per 
in. mm ft2 In2 ft2 In2 

0.2275 5. 78 22.2 238.9 5.55 59.7 

0. 25 6. 35 18. I 194. a 4. 63 49. a 

0.375 9. 52 a. 75 94. 2 2. 16 23. 2 I 
T 
t 

B&ton ‘I 
LDNP I 

per 
ft2 

~_ 

9. a 

a. 75 

4.11 ! 
Per 

ln2 

105.4 

94. 2 

44. 2 

Jane1 

Per 
ft2 

2.70 

2.15 

1.03 

N&A 602 

29. 1 

23. 1 

11. 1 

I 
I 
1 

Crown panel 

0.47 5. 1 

602 

3.0 

2. 6 

1. 3 

1 

It is seen that by increasing the panel depth from 0.25 in. (6.35 mm) 
to 0.375 in; (9.52 mm), the support requirements are cut in half. Fur- 
thermore, for a given panel depth, changing the ablator material from 
NASA 602 to LDNP increased the required,number of supports by a 
ratio of 4/l. A tradeoff study was performed to evaluate the substrate 
weight penalty imposed on the LDNP system by reducing the number 
of supports to equal that of the NASA 602 system. Two panel loca- 
tions were examined for their respective critical design cases; the 
results are presented in Table 30. It was assumed that for the case 
of the 4/l support requirement ratio, the substrate panel depth was 
0. 375 in. (9. 52 mm) (phenolic/glass laminate). The required in- 
crease in panel depth and weight for the LDNP system with reduced 
attachment spacing was then determined. 

TABLE 30. ATTACHMENT RATIO AND SUBSTRATE 
PANEL WEIGHT TRADEOFF 

JASA 602 0. 94 4. 59 0.94 4. 59 

lb/ft2 k&-n2 lb /ft2 kg/m2 
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It is seen that for an LDNP system with the same number of attach- 
ments as the NASA 602 system, the LDNP heat shield substrate panel 

weight is approximately 0. 2 lb/ft2 (0. 98 kg/m2) heavier than that for 
the NASA 602 system. Based on the total vehicle wetted area, the 
weight penalty is 165 lb (74. 8 kg) per vehicle, 

Based on Figure 104, the contribution of the panel supports to the 
overall system weight was evaluated for a 0. 375 in. (9. 52 mm) phenolic/ 
glass substrate panel with NASA 602 ablator. The appropriate support 
requirements in Table 29 were used for the leading edge and crown 
panels. Results show that for the leading edge panel the support unit 

weight is 0. 08 lb/ft2 (0. 39 kg/m2) and for the crown panel, the weight 

is 0. 0065 lb/ft2 (0. 032 kg/m2), indicating that, since a major portion 
of the vehicle surface area is in relatively low pressure loading re- 
gions, the support weight contribution to the total vehicle weight is 
very small. 

A comparison of the phenolic/glass and phenyl-silane /glass lami- 
nate substrate panels was performed using the structural optimization 
curves and design pressures previously defined. It will be recalled 
(see Figure 7) that the phenyl-silane/glass system retained higher 
strength properties at elevated temperatures when compared with the 
phenolic/glass systems. However, a comparison of the two at room 
temperature shows the phenolic/glass system to be superior. Typical 
comparisons of the two materials are shown in Tables 31 and 32; they 
are for the case of a 0.375 in. (9. 52 mm) leading edge and crown sub- 
strate panel and a NASA 602 ablator. The problem was approached in 
terms of the required support spacing as a function of substrate panel 
material and design condition. 

TABLE 31. COMPARISON OF PHENOLIC/GLASS AND PHENYL- 
~ILANEIGLASS LEADING EDGE SUBSTRATE PANELS 

Tem- 
Ultimate Support 

de sign spacing 
perature pre 

Material “F “K psi 

Phenolic /glass 125 325 12.75 
Phenyl-silane / 125 325 12.75 
glass 

Phenolic /glass 800 700 3.9 
Phenyl- silane / 800 700 3.9 
glass 

sure requirements 

kN/m2 in. m Condition 

87.91 6.66 0.169 Max. load 
87.91 6.34 0. 161 factor abort 

26.89 9.47 0. 241 Nominal 
26.89 14.0 0.356 re-entry 

I I I J 
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TABLE 32. COMPARISON OF PHENOLIC /GLASS AND 
PHENYL-SILANE /GLASS CROWN SUBSTRATE PANELS 

17 Material 

Phenolic /glass 
Phenyl- silane / 
glass 

Phenolic/glass 
Phenyl- silane / 
glass 

125 
125 

800 
800 

Ire pressure requi 

“K psi kN/m’ in. 

325 1. 725 11.89 25. 9 
325 1. 725 11.89 21.3 

> 

1 , I 

sments 

m 

0.658 
0.541 

I I 
1 1 
1 

Condition 

Max. dynamic 
gressure abort 

Yominal 
ye -entry 

The abort case is seen to dictate the required spacing for the cases 
considered. For the leading edge panel, the phenolic/glass system per- 
mits a slightly greater support spacing than the phenyl-silane system. 
In this case, the design is ablator strain critical; therefore, the signifi- 
cant difference in the material strengths at this temperature does not 
affect the design to a great extent. However, for the case of the crown 
panel, the low ablator thickness eliminates ablator strain as a design 
constraint and the material strength becomes critical. Table 32 shows 
a significant difference in attachment spacing with the advantage toward 
the phenolic/glass system. The phenyl-silane glass s stem requires 
5OoJo more attachments per unit area than the phenolic glass substrate P 
panel. These studies were based on a support aspect ratio of 1.5. If 
the loading environment were more severe at the higher temperatures, 
an advantage might be shown for the phenyl-silane /glass system. How- 
ever, on the basis of the predicted environment, the phenolic/glass sub- 
strate is the more efficient configuration. 

Network structural analysis. - In order to establish typical stress 
fields in a post supported substrate panel under lateral pressure and 
temperature gradients, an existing digital program which employs a 
matrix-force method for analysis of complex structural components 
was employed. The program is defined in ref. 7: The leading edge 
panel was chosen for analysis and two critical cases were considered: 

(1) Maximum load factor abort, ultimate design pressure = 

12. 75 psi (87.91 kN/m2) 

(2) Nominal re-entry trajectory at time = 1800 set (critical 
for substrate panel thermal stresses). 

The leading edge panel was broken down into the network defined in 
Figure 112. Not shown for reasons of clarity but included in the analy- 
sis was an additional network representing the aluminum structure. 
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The substrate panel/aluminum structure interactions were accounted 
for by assigning appropriate elastic constants to the panel supports, 
which were assumed to be rigid type as opposed to flexible. The sub- 
strate panel was considered to be a 0. 375 in. (9. 52 mm) deep phenolic/ 
glass laminate honeycomb configuration with 0. 02 in. (0. 504 mm) faces. 
Three rows of five supports each comprise the support pattern. Periph- 
eral support spacing was 8. 35 in. (0. 212 m) and the longitudinal support 
spacing was 14 in. (0. 356 m). The standoff distance between the panel 
and aluminum structure was 1. 3 in. (3. 3 cm). For the thermal stress 
case, the. temperature difference between the outer and inner faces was 
65O F (36” K), with the outer face at 715O F (6 51° K) at the forward end of 
the panel and 40’ F (22.2O K) with the outer face at 790° F (694’ K) at the 
aft end. Furthermore, the temperature gradient along the length of the 
panel spanned 75” F (41.7O K) on the outer face and 100° F (55.6O K) on 
the inner face. In both cases, the ablator was considered nonstructural. 

Results of the analysis are presented in Figures 113 and 114. Analy- 
sis revealed that for the critical airload case, no thermal stresses exist 
in the substrate. For the critical thermal stress case, the concurrent 
load induced stresses are less than 10% of the thermal stresses. As 
would be expected, the presence of the post type supports exerts a signi- 
ficant influence on the panel thermal stress distributions. The effect 
becomes more pronounced at support points further away from the center 
of the panel, indicating that for rigid supports, a panel size constraint 
also exists and is a function of the panel and support strength at tem- 
per ature . It is also indicated that this constraint is not as severe as 
that for the case of flexible supports and steel panels, since the maxi- 
mum permissible size for the steel anels has been shown to be approxi- 
mately half as large as the phenolic r glass panel (page 37). 

Compatibility with flutter envelope. -Based on the flutter envelope 
presented in Figu%-iO77- determined that flutter requirements 
impose no constraints upon the panel design. The critical flutter de- 
sign case is the maximum dynamic pressure abort trajectory. For a 
0. 375 in. (9. 52 mm) phenolic/glass substrate panel and a support 
spacing aspect ratio of 1. 5, a maximum permissible support spacing 
(streamwise) of 50. 3 in. (1. 28 m) is allowed in order to preclude panel 
flutter. For a 0.25 in. (6.35 mm) phenolic/glass substrate panel, the 
critical spacing is 37.6 in. (0.955 mm). Since the spacing require- 
ments for the panel pressure loading cases are more stringent and the 
effects of panel curvature and ablator dampening are not considered, 
it is concluded that panel flutter requirements are not critical for de- 
sign. 

Thermal stresses. - Representative calculations of thermal stresses 
in the ablator, substrate panel, and aluminum structure were made for 
the three conditions defined below: 

(1) Room temperature thermal stresses induced by bonding and 
curing composite panels at elevated temperatures 
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(2) Orbital cold soak 

(3) Undershoot re-entry after orbital cold soak. 

The maximum ablator thickness, as required on the leading edge 
panel, and the minimum thickness, as required on the crown panel, 
were analyzed for both ablators in conjunction with a 0. 375 in. (9.52 
mm) depth phenolic/glass honeycomb substrate panel with 0.02 in. 
(0. 508 mm) faces and a stainless steel substrate with 0. 005 in. 
(0. 127 mm) faces and phenolic/glass core. The ablator thicknesses 
are defined in Table 27. The analysis was based on the following 
assumptions : 

(1) Residual stresses at room temperature were caused by the 
difference in coefficients of thermal expansion between the 
ablator and substrate and the change in temperature from 
the bonding or cure temperature to room temperature. 
(Bond temperature for LDNP = 350” F or 450“ K and cure 
temperature for NASA 602 = 230” F or 383” K. ) Material 
shrinkage during cure was not accounted for. 

(2) It was assumed that the composite panel remained flat with 
no slippage at the ablator/substrate interface and no slip- 
page occurred between the honeycomb panel faces. 

The re-entry and cold soak.problems, were analyzed with flexible 
supports in conjunction with the steel honeycomb panels and with both 
rigid and flexible supports in the phenolic/glass panel cases. In the 
case of the rigid supports, it was considered that the 0. 05 in (1. 27 mm) 
aluminum skin acted integrally with the substrate panel and ablator. 
For the flexible support problems, the aluminum structure was omitted 
from the analysis. The thermal stress analysis was based on the 
following relationships : 

Oth, = (A) n [e- “n ATn] 

where 

(5) 

(6) 

The subscript (n) pertains to individual elements comprising the 
composite system. Ablator mechanical properties are based on Figures 
17 and 21 and ref. 13. The orbital thermal environment ,presented 
in ref. 3 was used as a basis for determining the pertinent orbital cold 
soak temperature distributions. Analysis revealed that the cold soak 
temperature distributions at steady state were the same for both ablator 
systems and depended only on the material thicknesses, Table 33 shows 
significant temperatures used in the analysis. 
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TABLE 33. 

Panel 

Leading 
edge 

Crown 

COLD SOAK TEMPERATURE DISTRIBUTIONS 

Cold soak temperature 

Ablator Substrate Substrate 
surface outer face inner face 

“F “F OF “K OF “K ___. 
-~ -72 215 -57 224 -27 241 

-80 211 -75 214 -51 227 

Analysis of the undershoot re-entry after orbital cold soak revealed 
this condition created less critical thermal stresses than those asso- 
ciated with orbital cold soak. No safety factors were used in the ther- 
mal stress analysis. Table 34 summarizes the calculated thermal 
strains for the room temperature residual and orbital cold soak cases 
combined. 

TABLE 34. ABLATOR THERMAL STR.AIN COMPARISONS 

Substrate I 
support 

Stainless 
steel/ 
flexible 

Plastic 
laminate I 
flexible 

Plastic 
laminate / 
rigid 

I Ablator / 
panel 

LDNP/crown 

LDNP /leading 
edge 

NASA 602/ 
crown 

NASA 6021 
leading edge 

LDNP /crown 

LDNP /leading 
edge 

NASA 602 ! 
crown 

NASA 602/ 
leading edge 

LDNP/crown 

LDNP /leading 
edge 

NASA 6021 
crown 

NASA 602/ 
leading edge 

T 

_- 

Thermal strain 
at ablator surf ace 

Calculated Allow able Failure 
strain strain indicated 

0.01011 0.009 Yes 

0.00735 0.009 No 

0.02245 0.031 

0.031 

--.--- 
0.009 

0.009 

0.031 

0.031 

0.009 

0.009 

0.031 

0.031 

No 

0.02106 

0.00958 

0.00592 

No 

~-- 
Yes 

No 

0.02217 No 

0.02003 
__- 

0.01089 

0.00747 

No 

Yes 

No 

0.02369 No 

0.02285 No 
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Although the NASA 602 has a higher coefficient of thermal expansion 
than the LDNP, its stress-strain relationships as indicated in ref. 13 
are more favorable. In the case of either material, the nonlinearity of the 
stress-strain curve prevents the actual thermal stress from being as high 
as calculated by use of the linear elastic equations cited above. With a 
complete set of reliable stress-strain curves, a strain analysis could 
be conducted which would more accurately predict the thermal stresses 
and strains. The values shown in Table 34 are only as good as the ma- 
terial property data upon which they are based and indicate that the or- 
bital cold soak compatibility problem is best resolved by element test- 
ing. 

Fabrication and Cost Data Comparisons 

Fabrication problems and processes.- Fabrication processes for 
the NASA 602 and LDNP ablator materials and phenolic/glass honeycomb 
substrate panels are defined in Figures 115 and 116. The use of a steel 
face substrate panel would require additional steps for splicing, form- 
ing, trimming and heat treating the face sheets prior to adhesive bond- 
ing the panel assembly. An additional set of tools would be required 
for the stretch forming operation. 

With regard to the stretch forming of the steel faces, the use of a 
0.005-in. (0. 127 mm) thick sheet would require development work for 
curvatures characteristic of most of the vehicle surface. For the cur- 
vatures associated with the leading edge panel the minimum acceptable 
gage would be 0. 010 in. (0.254 mm). In addition, the selection of a 
sheet splicing method would be influenced by the forming requirements, 
Accordingly, it can be seen that. the selection of 0.005 in. (0. 127 mm) 
minimum gage for the stainless steel structural optimization studies 
is somewhat optimistic. 

The nature of honeycomb panel fabrication methods is such that 
close tolerance assemblies can be turned out with a high degree of 
repeatability. Analysis has shown the overall heat shield performance 
to be insensitive to moderate changes in the substrate panel depth. Of 
more significance is the final thickness of the ablator material. Once 
the LDNP molding tools are built (and material shrinkage is accounted 
for), the LDNP ablator slabs can be turned out with a high degree of 
repeatability, and thickness tolerances will be as good as the basic 
tool will permit. To achieve final thicknesses with the NASA 602 abla- 
tor, a surface trimming process is required subsequent to installation 
in the honeycomb supporting matrix. The final thickness of the elasto- 
meric ablator, then, is dependent upon the accuracy with which it can 
be determined by available quality control techniques. Experience 
with such methods as eddy current and needle probe devices indicates 
that the ablator thickness can be measured within L2%. 
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It would be expected that, due to the nature of the material and the 
mode of installation, relatively large thickness tolerances would be 
realized for the microquartz insulation system, The only significant 
effect on the heat shield performance would be a change in the struc- 
ture temperature since calculations have shown the bondline tempera- 
ture to be relatively insensitive to insulation thickness changes. The 
best cure for this problem would be the imposition of rigid quality con- 
trol standards during installation and the inclusion of the insulation 
tolerance problem in the development of heat shield safety factors. 

Other fabrication problems related to the thermostructural panel 
concepts are discussed in related sections of this report and are briefly 
reviewed below, 

(1) Warpage of the composite panel in any combination of ablators 
and substrate materials will be a significant problem, particularly in 
the panel sizes proposed herein. It is possible that development work 
in this area (which is a definite requirement) would even show this 
problem to be a panel size constraint factor. The warpage could be 
removed by tying the panel to the vehicle structure by a multipost sup- 
port system, but this only aggravates the residual stress problem that 
contributed to the w arpage in the first place. 

(2) The significant drawback to the LDNP from a fabrication point 
of view is the matching of the ablator /substrate interface. Quality 
control, fabrication, cost, and, ultimately, reliability are areas that 
would be penalized by the use of this material within current state-of- 
the -art techniques. One possible solution to this problem could be the 
development of a castable LDNP and honeycomb matrix composite simi- 
lar to that employed with the elastomeric systems. 

(3) Current. application techniques for the elastomeric ablators 
rely on filling each cell of the supporting matrix individually. The 
method, though time consuming, is effective in minimizing voids and 
assuring the best possible bond to the cell walls, Future development 
efforts could result in more efficient application techniques for this 
material, such as filling complete panels by vacuum bag techniques. 

Fabrication cost breakdown.-A detailed appraisal of the cost factors 
associated with the candidate thermostructural panel concepts was per- 
formed. The cost analysis was based on the same model as was used 
for the preliminary cost cqmparisons (see Material and Fabrication 
Cost Comparisons). Overheads, general and administrative burden and 
fee were included in the cost analysis. Table 35 presents the final cost 
comparison data. These cost figures are slightly higher than the pre- 
liminary values quoted in Table 13 and reflect a more detailed costing 
of tooling requirements, particularly for the steel stretch forming. 
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TABLE 35. THERMOSTRUCTURAL PA.NEL COST COMPARISONS 

Ablator 
material 1 
NASA 60 

I AOW C Iensity 
r iylon 
I )henolic 

74 

Item 

Manufacturing 
labor 

Tooling 
labor 

z%zEYl 

Total 
labor 

Manufacturing 
material 

Tool 
material 

Total 
material 

Grand 
total ___._ ----_-- 
Manufacturing 
labor 

Tooling 
labor 

Qu ali ty 
contr 01 

Total 
labor 

Manufacturing 
material 

Tool 
material 

Total 
material 

Grand 
total 

T Plastic laminate 
honeycomb substrate -i 

$ /ft2 

208 2,238 196 2,109 

304 3.271 353 3, 798 

78 839 83 893 

590 6,348 632 6,800 

98 1,054 99 1, 065 

22 

120 

710 

237 33 355 

1,291 132 1,420 

7,639 764 8,220 

155 1,668 142 1, 528 

677 7,285 724 7,790 

119 1,280 121 1,302 

951 0,233 987 0,620 

122 1,313 127 1,367 

65 699 68 732 

187 2,012 195 

1138 2,245 1182 

2,099 

2,719 

$/m” 

Steel face /plastic 
laminate core 

honeycomb substr ate 

$ /ft2 $/m2 
1 3 



Note that a small cost difference exists between the steel and plastic 
laminate substrate configurations. However, by changing from a 
NASA 602 ablator to LDNP, the cost is increased by approximately 
60%. In terms of the total vehicle, the costs can be estimated based 

on the wetted area of 829 ft2 (77. 01 m2). For a phenolic /glass laminate 
substrate panel, the total heat shield system would cost $588, 000 per 
vehicle with the NASA 602 ablator and $940,000 per vehicle for the 
LDNP ablator . The total cost differential is $352, 000 per vehicle in 
favor of the NASA 602 elastomeric ablator. 

Vehicle Heat Shield Weight Comparisons 

Heat shield weight analysis program and safetyfactor criteria. An 
existing: 1620 computer pros-ram was utilseednorder to establish the 
relativ: total heat-shield wgghts between the NASA 602 and LDNP sys- 
tems. Basically, the program functions by breaking the vehicle surface 
down into a group of finite areas, assigning a stagnation point heating 
rate ratio to each area, referring to an appropriate heat shield weight 
design curve and subsequently integrating the weights over the complete 
vehicle. An option is provided for the inclusion of safety factors on heat- 
ing and material thickness. 

The total heat shield system weights were computed for a 26.67-ft 
(8. 128-m) reference length HL-10 lifting entry vehicle configuration 
with no canopy. For purposes of analysis, it was assumed that the sub- 
strate structure was an all phenolic/glass laminate honeycomb panel 
of 0.375 in. (9. 52 mm) depth and 0.02 in. (0. 508 mm) faces. He at 
shield design safety factors employed here are based on ref. 15. For 
windward vehicle surfaces, a factor of 1. 15 was applied to the heating 
rates. The corresponding factor for leeward surfaces was 1. 50. A 
factor of 1. 10 was applied to all calculated ablator and insulation thick- 
nesses. Runs were performed both with and without safety factors in 
order to determine the influence of safety factors on heat shield weights. 
It should also be noted that the heat shield weights are composites of 
either the overshoot or nominal trajectory, whichever is design critical 
at any location. 

Heat shield weight comparisons.- Table 36 presents the heat shield 
weight comparisons. 

TABLE 36. HEAT SHIELD SYSTEM WEIGHT COMPARISONS 

Insula 
Ablator weigl 
system lb 
NASA 602 754.8 

i 

LDNP 778.7 
NASA 602 686.2 
LDNP 707.9 

tion Ablator 
ht weight 

kg ( lb kg 
794.7 
643.3 
609.3 
492.7 

Substrate 
weight 

lb kg 
812.4 368.5 
854 387.4 
812.4 368.5 
854 387.4 

Total 
weight 

lb kg 
3319.2 1505.6 
3050.9 1383.9 
2841.9 1289.0 
2648 1201.1 

Safety 
factors 

Yes 
Yes 
No 
No 
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The LDNP heat shield system is 268. 3 lb (121. 7 kg) lighter than 
the NASA 602 heat shield, which represents a weight saving of 8%. It 
should be noted that these weights are based on the substrate panel 
being designed at its optimum weight for the panel depth of 0. 375 in. 
(9.52 mm). As was previously shown in the s,ection on Application of 
De sign Data, this means that the LDNP system requires approximately 
four times as many supports as the NASA 602 system. The relative 
substrate panel weights in Table 36 include the weight effect of the 
different support requirements. This means then, that the 8% weight 
advantage of the LDNP system can be realized only if the greater num- 
ber of supports is used. Data presented in the section on Application 
of Design Data also show that for the same number of supports, the 
weight of the LDNP system substrate panel is 165 lb (74. 8 kg) greater 
than that of the NASA 602 system substrate. This boosts the weight of 
the LDNP heat shield system to 3174.3 lb (1439.9 kg) which corresponds 
to a weight saving with the LDNP system of 145 lb (65. 8 kg) or 4.4%. 

The use of the heat shield safety factors employed in this study in- 
creases the NASA 602 system weight by 477 lb (216.4 kg) or 17% and 
the LDNP system weight by 403 lb (182.8 kg) or 15%. 

It may be concluded on the basis of this analysis that the LDNP sys- 
tem offers a weight advantage. 

Selection of Optimum Thermostructural Panel Concept 

Based on the studies and comparisons generated in this investiga- 
tion, a recommendation can be made for an optimum refurbishable com- 
posite thermostructural panel concept for manned lifting entry vehicle 
application. 

Ablator materials.- Table 37 summarizes the significant compari- 
sons between the NASA 602 and LDNP systems. 

TABLE 37. COMPARISON OF ABLATOR CAPABILITIES 

Factor 

Total heat 
shield 
weight 

/ 

76 

NASA 602 

3319 lb 
1505 kg 

3319 lb 
1505 kg 

LDNP 

3051 lb 
1384 kg 

3174 lb 
1440 kg 

Remarks 

LDNP system re- 
quires four times 
number of NASA 602 
system supports 

Same number of 
supports for each 
system. 145 lb 
(66 kg) weight 
saving with LDNP 



TABLE 37. - Concluded 

Factor 

cost 

Fabrication 

i 

Thermal 
stress 

Reliability 

Reparability 

NASA 602 

$588,000 per 
vehicle 

Ablator in jetted 
into individual 
cells 

Elastomers per - 
form well in cold 
soak environment 

Attachment tech- 
nique assures 
more reliable 
bond 

-- 
Ease of field 
repair 

- 

i 
LDNP 

___~ 
$940,000 per 
vehicle 

Critical ablator / 
substrate interface 
problem. Develop- 
ment of fabrication 
techniques required 

Analysis indicates 
LDNP is marginal 
for cold soak 
_--__- -~----- 
More susceptible 
to damage. Assur- 
ance of bond integ- 
rity less certain 

Requires plugs or 
development of a 
castable material 
for repair 

Remarks 

$352, 000 per ve- 
hicle cost saving 
with NASA 602 
system 

Fewer fabrication 
problems with 
NASA 602. Com- 
posite panel warp- 
age in large sizes 
is a problem with 
both ablator s. 
Less severe with 
NASA 602 

Thermal stress 
problem less severe 
with NASA 602 
.- _ ._- 
NASA 602 is more 
reliable 

Fewer repair prob- 
lems with NASA 602 

Based on its overall design applicability (performance, fabrication, 
and cost), the NASA 602 elastomeric ablator material was selected. 
The only penalty incurred by this selection is with regard to total heat 
shield weight, and it is of a relatively small magnitude. 

Substrate panel materials.-Table 38 summarizes the pertinent con- 
siderations relative to the selection of a substrate panel material. 
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TABLE 38. COMPARISON OF SUBSTRATE PANEL 
.MATERIAL CAPABILITIES 

Substrate Panel 
Phenolic /glass face 
and core 

Remarks ,- 
(1) Most efficient in terms of thermal and 

structural design 
(2) 4 ft (1.219 m) width size constraint with 

no splices 
(3) No serious fabrication problems 

Phenyl-silane /glass 
face and core 

(1) Since low temperature design case is crit- 
ical, phenyl-silane /glass is inferior to 
phenolic /glass 

Steel face and 
phenolic /glass core 

(2) Slightly higher thermal conductivity than 
phenolic /glass 

(1) Heavier structurally than plastic laminates 
(2) Slightly more costly than plastics 
(3) Fabrication problems constrain thickness 

that can be used. Must be spliced to make 
large panels 

(4) Requires flexible supports which significantly 
limit panel size 

Plastic laminate or 
steel faces with 
steel core 

(5) Requires more supports than phenolic/glass 
panels for optimum weight 

(1) Higher thermal conductivity 
(2) Lightest core with same cell size as phenolic/ 

glass core weighs 12.8 lb/ft3 (205.1 kg/m3) 

as compared to 5. 5 lb/ft3 88.1 -%J 
( > 

for 
m 

plastic laminate. Larger cell sizes in- 
crease intercell face stability problem 

(3) No structural advantages since panel deflec- 
tion is not critical 

The advantage is obviously with the phenolic/glass honeycomb sub- 
strate panel configuration since it can be used without compromising the 
substrate panel performance in any area. 

Adhesive bond.- The advantages of selecting HT-424 as the adhesive 
bond material are: 

(1) Excellent high temperature performance 

(2) Practical fabrication and cure requirements 

(3) High reliability (based on extensive prior usage) 
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Insulation. -As a result of comparisons (see Discussion of Candidate 
Concepts and Materials) and the insulation optimization studies, the in- 
sulation material selected was multilayer microquartz. Tests have 
shown that for the operational temperature range considered no radia- 
tion shields will be required. Due to its hygroscopic nature, the insu- 
lation should be applied to the vehicle in sealed moistureproof plastic 
film bags. 

Panel support configuration. - Problems associated with the integra- 
tion of panel support concepts into the heat shield system have been 
briefly outlined in various sections of this report. Based on these con- 
siderations and the results of a related study which dealt specifically 
with this problem (see ref. 14), the panel support concept selected con- 
sists of a molded phenolic/glass flanged cup which is bonded to the 
lower face of the substrate panel. 

Structural layout drawings. -Layout drawings have been generated 
for the leading edge and crown panels. Dimensions and materials are 
based on the design data generated during this study. The substrate 
panel depth selected was 0. 375 in. (9. 52 mm) and is considered to be 
representative of an optimum substrate panel depth. Selection of a 
true optimum would, of necessity, be predicated upon a consideration 
of volumetric efficiency/total heat shield thickness and weight inter- 
relationships, which was beyond the scope of this particular task. 
An additional factor would be the support spacing/panel depth tradeoff, 
which has been defined herein. The layout drawings are presented in 
Figures 117 through 119. 

PAR.AMETRIC STUDIES 

An investigation was conducted in order to determine the effect of 
variations in environmental factors and material properties on the 
predicted performance of the composite thermostructural panel system. 

Variation of Environmental Factors 

Variations in the local heating rate ratio of ~15% were imposed upon 
a set of nominal heat shield thicknesses for both the LDNP and NASA 
602 ablator systenis. The basic trajectory used for these analyses was 
the overshoot since it offered the broadest range of heating rate ratios 
(0. 70 to 0.04) for the vehicle areas of interest. Thicknesses were based 
on the design curves for overshoot re-entry at heating rate ratios of 
0. 70 and 0.04. The effect on the peak bondline and structure tempera- 
tures was determined by analysis on the T-CAP-III program. The re- 
sults are shown in Figures 120 and 121. Note that the LDNP displays 
a much greater sensitivity to changes in local heating rate. 
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The effect of variations in vehicle W/S on the critical heat shield 
temperatures was determined for a &20% factor ,on the nominal vehicle 
W/S of 50. It can be shown that a percentage change in vehicle W/S can 
be directly related to a change in local heating rate ratio. In this case, 
for a i2OoJo W,/S change, the respective factors on heating rate ratio are 
1.08 and 0.911. Results are shown in Figure 122 for the case of a 
NASA 602 ablator system and a nominal re-entr 

P 
. 

was investigated in this case since the effects o 
The nominal re-entry 

variation in heating 
rate ratio have been previously examined for the overshoot trajectory. 
Hence, the effects of W/S change can be evaluated in Figures 120, ,121 
and 122. The nominal heating rate ratios are 0. 565 and 0.04. It is 
seen that for the case considered, relatively large changes in vehicle 
W/S do not significantly alter the maximum bondline temperatures, 

Variation of Material Ablation and 
Heat Transfer Characteristics 

The effect on critical peak temperatures of variations in a number 
of significant material thermal properties was evaluated. The nominal 
heat shield thicknesses used for the study were based on the overshoot 
re-entry heat shield design curves. The procedure was to maintain all 
parameters at their nominal values except the one being investigated. 
In some areas, this practice is open to question, as in the case of variable 
density where it would be expected that the thermal conductivity of the 
material would also undergo a change. The parameters studied are 
listed below: 

(1) Ablator thermal conductivity 

(2) Ablator density 

(3) Char surface recession rates (LDNP only) 

(4) Transpiration factor 

(5) Char emissivity 

R.esults of the parametric analysis are shown in Figures 123 through 
129. 

The influence of thermal conductivity and thickness changes in the 
microquartz insulation system were previously evaluated and are defined 
in Figure 64. 

Variation of Ablator Allowable Strain 

The effect of variations in the allowable ablator strain of &20% on 
the required substrate panel weight were evaluated and found to be 
negligible for both the LDNP and NASA 602 ablator materials. The 
changes in allowable ablator strain were compensated for by varying 
the panel depth. Since this merely requires changing the thickness of 
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the honeycomb core, the weight change, as would be expected, was ex- 
tremely small (22%). The condition checked in this analysis was the 
critical load case on the leading edge panel which was the maximum load 
factor abort trajectory. 

Weight Comparisons of Various Lifting 
Entry Vehicle Configurations 

The heat shield design data generated in this investigation were ap- 
plied to the HL-10, M2-F2 and SV-5 lifting body configurations in an 
attempt to obtain comparative vehicle heat shield weight data. The 
basic vehicle sizes for both the HL-10 and M2-F2 vehicles were taken 
as defined in ref. 16. The SV-5 vehicle size was developed to provide 
the mission capability on a comparable basis with the HL-10 and M2-F2. 
All vehicle heat shields were sized to account for crossover effects be- 
tween the overshoot and nominal trajectories. The trajectories are de- 
fined in ref. 3. Table 39 compares the pertinent vehicle dimensions 
and total heat shield weights for a NASA 602 system. 

TABLE 39. COMPARATIVE VEHICLE 
HEAT SHIELD WEIGHTS 

Total heat 
Wetted area shield weight - .~-. ~~ 

ft2 I m2 

The heat shield weights are based on the safety factors defined 
under Heat Shield Weight Comparisons. It should be noted that the 
heat rate distributions for the M2-F2 vehicle are based on the best 
available data, but they are considered less reliable than the correspond- 
ing values for the HL-10 and SV-5. 

DESIGN DEVELOPMENT PROBLEM AREAS AND 
CONCEPT VERIFICATION TESTING 

De sign Development Problem Are as 

Before a reliable thermostructural composite panel design can 
achieve an operational status, several problem areas must be explored 
and resolved. In the course of this investigation, significant problem 
areas were uncovered and will be defined in this section. 
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Material property determination. - Thermochemical, thermal and 
mechanical property prediction for ablative materials is extremely dif- 
ficult due to the nature of the materials and their behavior at elevated 
temperature. Available data display large variations and, in general, 
are quite inconsistent. The solution to the problem lies in three major 
areas: ,testing for material properties, design philosophy and quality 
control. The need for extensive material testing, based on a rigidly 
standardized set of test procedures (methods, instrumentation, facili- 
ties), is clearly indicated, coupled with statistical data reduction tech- 
niques. Specimens should be fabricated under conditions that are most 
nearly identical with those associated with full-scale production com- 
ponents, Application of these data to the design analysis will require 
the consideration of material property confidence levels and their in- 
fluence on the overall heat shield and structure safety factor philoso- 
phy; Subsequent to the design phase, the natural follow-on would be 
the development and imposition of rigid quality control standards during 
fabrication. A similar problem is associated with the quartz fiber in- 
sulation systems in that a firmer definition of their sensitivity to me- 
chanical and atmospheric pressure variations will be required. 

Joint design.- The development of a reliable joint design is basic to 
the overall thermostructural panel design integrity. Preliminary anal- 
yses conducted in this investigation indicate that the joint design is not 
critical. However, the analyses did not account for the strength of the 
bond between the joint material and the ablator and substrate or its 
thermal performance. Limited testing of joint configurations on r.elated 
programs indicates that no serious problems exist in these areas. Veri- 
fication testing would be required, however, to assure the compatibility 
of specific joint geometries and materials with predicted environmental 
factors, 

Adhesive bond integrity.- Analytical techniques for predicting adhe- 
sive bond stresses are currently being studied but are not sufficiently 
reliable for design analysis applications. It would be necessary to 
evaluate the adhesive bond integrity under cold soak and elevated tem- 
perature conditions by appropriate test techniques. 

Influence of re-entry corridor on heat shield sizing.- Investigations 
conducted herein indicate that more than one re-entry trajectory can in- 
fluence heat shield sizing. The problem here is to determine the best 
design philosophy relative to safety factor application for heat shield 
design, Obviously, if the heat shield is sized for a nominal re-entry 
case only, one set of safety factors would apply. On the other hand, 
designing the heat shield for the critical trajectory unique to each 
specific vehicle location would have a significant influence on the safety 
factor criteria. The latter approach appears more desirable. 

Volumetric efficiency/heat shield thickness tradeoff.- Heat shield 
design can be influenced by the internal volume requirements for 
specific vehicles and missions depending upon the design philosophy 
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applied. The most significant interaction occurs if the heat shield 
thickness must be built inward from the aerodynamic contours of the 
vehicle . Since volumetric efficiency of lifting entry vehicles is a 
critical factor, it would appear that a study of the tradeoffs associated 
between volumetric capacity, heat shield thickness and aerodynamic 
performance would be of interest. Possibly a compromise could be 
arrived at whereby the aerodynamic contours could be expanded and 
at the same time maintain their proper proportions. The degree of 
tradeoff here would vary depending upon the specific vehicle in question. 

Warpage of composite panels. -The warpage of composite panels as 
a result of bonding and curing temperature cycles is indicated as a 
problem requiring fabrication development effort. This problem could 
be particularly significant in the large panel sizes considered in this 
investigation. 

Effects of nonadiabatic structure. - The heat shield sizing studies 
were based on the assumption that the aluminum structure of the vehicle 
experienced no heat losses to the interior of the vehicle. Studies of 
the effect of cooling the aluminum structure with existing vehicle ther- 
mal control systems or auxiliary systems could show a significant net 
weight and heat shield thickness reduction due to reduced insulation re- 
quirements. 

_R epair technique s . -Work has been performed on related programs 
to develop heat shield repair and patching techniques for elastomeric 
ablator materials. Some repaired specimens have been exposed to 
plasma arc testing with good results. The operational use of elasto- 
meric ablators will require further development efforts in this area 
in order to establish standard repair techniques. The amenability of 
the elastomeric ablators to repair in a space environment should also 
be evaluated. 

Thermostructural panel optimization. -Further optimization studies 
can be applied to the thermostructural panel concept selected in this 
investigation. Areas of potential improvement are listed below. 

1) Ablator. - Lower density elastomeric ablators are available and 
should be investigated relative to their potential for improving ablative 
efficiency. In addition, the supporting matrix for the ablator can be 
improved through the continued development of open mesh resin/glass 
systems which provide reduced density, reduced thermal conductivity 
and a mechanical interlock between the filled ablator and matrix. 

2) Substrate. - The minimum gage of the phenolic /glass laminates 
could be further reduced by investigating other glass cloth systems. This 
would involve strength/weight comparisons. Lighter weight cores 
could be developed, although the overall weight saving here would be 
quite small. Higher permissible substrate material temperatures 
would produce a more efficient heat shield. 
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3) Adhesive bond. - Thinner and lighter weight HT-424 adhesive films 
are available although at a cost in strength. This is a worthwhile area 
for improvement since the weight of the three bond layers presently 
comprises approximately 50% of the total substrate panel Weight. 
Higher permissible bond temperatures would result in a more efficient 
heat. shield, 

4) Insulation. - Further investigation of the integral insulation/sup- 
port concept could result in the development of a more efficient con- 
cept in terms of the overall design. The potential advantages of such 
a system are listed below. 

(a) Reduction of basic vehicle structural weight. (Fewer hard 
points for support point load backup. ) 

(b) Reduction of substrate panel weight. 

(c) Large reduction in number of post supports to attach panel 
to basic vehicle structure and, therefore, fewer attachments 
to be removed for refurbishment or repair and fewer pene- 
trations of the ablator surface. 

(d) Honeycomb core may be readily contoured to provide exact 
insulation thickness requirements at any location. This 
cannot be done as precisely with the quartz fiber insulations 
for obvious reasons. 

The honeycomb/aluminum foil concept can be improved to some 
extent by employing an open weave flexible core configuration. 

Concept Verification Testing 

The development of a verification test program and philosophy,must 
be performed within the framework of constraints defined by test objec- 
tives, instrumentation requirements and capabilities, test facility avail- 
ability and capacity, availability of existing related data, and program 
costs. 

Experimental development and verification of a composite thermo- 
structural panel concept requires the examination of the compatibility 
of the various system components with the critical environmental factors. 
Table 40 defines a group of significant test objectives for panels of this 
type. 
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TABLE 40. ELEMENT TEST BREAKDOWN FOR 
COMPOSITE THERMOSTRUCTURAL 

PANEL DESIGN VERIFICATION 

Test objective 

Thermal performance 
of composite panel 

Evaluation of panel 
support heat short 
problem 

Joint de sign 
verification 

Thermal stress com- 
patibility of com- 
posite panel 

Structural integrity 
of composite panel 
at room temperature 

Structural integrity 
of substrate panel 
at elevated tem- 
perature 

Strength determina- 
tion of panel supports 

Compatibility of 
composite panel with 
vibration and flutter 
environment 

Type of test 

Thermal 

Thermal 

Thermal and 
structural 

Structural 

Stru ctur al 

Structural 

Structural 

Structural 

Applicable test 
facilities 

Plasma arc, hot gas 

Plasma arc, hot gas 
r adiant he at 

Plasma arc, hot gas 
space chamber, standard 
loading machines 

Space chamber 

Static test (loading pads or 
pressure differential) 

Static test (loading pads or 
pressure differential), 
radiant he at 

Standard elevated tempera- 
ture loading machines 

Dynamic shaker, acoustic 
horns, wind tunnel 

In general, test specimens should be as near in size to their full-scale 
counterparts as possible in order to minimize the scaling problem. 
Furthermore, the use of large-scale test panels will also afford a 
realistic evaluation of the problems associated with fabrication and 
quality control of large thermostructural composite panels. 

Since the requirements associated with thermal scaling are not 
compatible with those for structural scaling, meaningful data can be 
obtained only from tests conducted on specimens proportioned to 
satisfy either thermal or structural test objectives and subsequently 
tested to those specific conditions. A constraint on the scaling capa- 
bility exists as a result of the structural optimization studies conducted 
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on the honeycomb substrate panel. It was found that the optimum 
panel weight was coincident with the minimum available thickness for 
the plastic laminate face materials. Accordingly, since for precise 
structural scaling all dimensions must be kept proportional to the full- 
scale measurements, if scaling is imposed on the panel, it will not be 
possible to maintain proper dimensional relationships. Exclusive of 
this problem, the minimum practical panel depth from a fabrication 
capability standpoint is 0. 1875 in. (4. 76 mm). Based on a recom- 
mended full-scale panel depth of 0.375 in, (9.52 mm), the minimum 
permissible scaling ratio would be 0.50. It may be concluded that 
scaling to evaluate structural adequacy of the panels would be imprac- 
tical due to the minimal dimensions of the full-scale configuration. 
Studies could be conducted to determine the feasibility of testing panels 
of reduced length and width but with the same thicknesses as the full 
scale by simulating the appropriate edge boundary conditions. 

The size and capacity of existing test facilities such as plasma 
arc, hot gas, and space chambers must be considered in establishing 
the size of the test panels. 

In conclusion, it would appear that the most meaningful test pro- 
gram for design verification of the thermostructural panel concept 
would be one in which a series of element tests were conducted on large- 
or full-scale specimens tailored to a set of specific test objectives such 
as those in Table 40. 

CONC LUSIONS 

(1) Studies have been conducted relative to the selection of an optimum 
composite refurbishable thermostructural panel for application to 
manned lifting entry vehicles. The configuration selected consists of 
the following components: 

(a) 

b) 

(d 

(4 

(e) 

NASA 602 elastomeric silicone ablator in a flexible phenolic/ 
glass honeycomb matrix 

Phenolic /glass laminate honeycomb core and faces substrate 
panel 

HT-424 adhesive bond 

Phenolic/glass molded cup-type rigid panel supports 

Multilayer microquartz insulation. 
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Although low density nylon phenolic ablator offers a slight system 
weight advantage, it is inferior to the NASA 602 system in terms of re- 
liability, cost, fabricability and cold soak thermal stress compatibility. 

The use of a stainless steel honeycomb substrate panel would re- 
quire more supports than the phenolic/glass honeycomb substrate panel 
in order to realize its minimum weight potential. Furthermore, the 
stainless steel panel sizes would be limited to approximately half the 
size of the phenolic/glass panels. Potentially severe fabrication prob- 
lems are indicated for compound curved steel panels in the thickness 
ranges associated with optimum weight. In terms of weight and cost, 
the stainless steel honeycomb substrate is slightly inferior to the phenolic/ 
glass substrate honeycomb panel. 

(2) Heat shield design studies conducted for a nominal re-entry 
and re-entry corridor extremes indicate that critical trajectories for 
heat shield design will vary over the vehicle surface. 

(3) The influence of the mode of panel support was found to be a 
significant constraint on the allowable panel size for the case of steel 
substrate panels on flexible supports. 

(4) The heat short effect attributed to the panel supports was found 
to be negligible for plastic laminate supports but quite severe for steel 
supports. The effect of considering the thermal inertia of the backup 
structure was found to substantially reduce heat short effects. 

(5) An integral insulation/support concept was generated and tested. 
Results show the need for improved insulation capability in order to 
benefit from the concept’s other favorable design features. 

(6) A parametric study interrelating insulation thermal conductivity, 
thickness and peak aluminum structure temperature was performed and 
resulted in a design curve that, although based on a specific design case, 
is generally useful for estimating interaction of these parameters in re- 
lated problems. 

(7) Structural optimization studies were conducted on the substrate 
panel concepts and materials and, in addition to providing data useful in 
the selection of an optimum concept, resulted in the generation of a set 
of design curves for application to similar problems. Significant con- 
straints on the substrate panel design were found to be: permissible 
ablator strain, substrate material strength, honeycomb face stability, 
minimum material gage and minimum fabricable panel depth. 

(8) Based on the available data, it was determined that panel 
flutter requirements were not critical for design. 
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(9) Parametric studies were conducted to evaluate the effects on 
critical heat shield temperatures of variations in environmental factors 
and material properties. Significant temperature changes were in re- 
sponse to variations in ablator density, thermal conductivity, transpira- 
tion factor, char emissivity and surface recession characteristics and 
occurred most noticeably at the critical bondline between the ablator 
and substrate panel. The aluminum vehicle structure temperature 
was generally insensitive to these changes but w.as found to be strongly 
dependent upon the insulation thermal conductivity and thickness. Con- 
versely, the bondline temperature was found to be generally insensi- 
tive to changes in the insulation thermal conductivity and thickness. 

(10) The problem of verification testing of the thermostructural 
panel concept has been examined and recommendations for a test 
approach have been made. It is indicated, based on the material gages 
and panel depths recommended for the full-scale substrate panel design, 
that scaling models for test would be impractical. 

Martin Company 
Baltimore, Maryland 2 1203 

March 21, 1966 
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APPENDIX A 

DESCRIPTION OF MARTIN T-CAP-III THERMO-CHEMICAL 
ABLATION PROGRAM 

The T-CAP-III digital analysis program considers the ablative layer 
to consist of a char layer, pyrolysis zone, and virgin ablator material, 
each of which are characterized by a density profile. Where applicable, 
a melt layer is superimposed on the char. For general application, 
the capability of handling an arbitrary composite arrangement of ablator, 
insulator and internal structure is included. The surface boundary 
conditions include arbitrary heating functions versus time based on 
convection and radiant heating histories, heat input due to char com- 
bustion, heat blocked by mass addition to the boundary layer, radiative 
cooling from the hot char surface, and heat absorbed due to vaporiza- 
tion in the melt layer. A program option is also available to describe 
the surface boundary condition as a temperature-time history. Surface 
recession resulting from char oxidation or melt layer flow and/or 
vaporization is computed with a special option available to read in the 
surface recession rate as a function of heat input rate or surface tem- 
perature. The nonablator material properties input data are considered 
either in the equation form as power series functions of temperature or 
in curve form as arbitrary functions of temperature. The ablator 
thermal properties input data are considered in curve form as functions 
of both temperature and density. The rate of change of the ablative 
layer density profile and the resulting pyrolysis products mass flow are 
calculated utilizing reaction kinetics of the ablator with nth order reac- 
tion data based on thermogravimetric analysis. 
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Figure 1. Double Wall Ablative Heat Shield Concept 
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FIGURE 56. CRITICAL TRAJECTORIES FOR ABLATOR TH!CKNESS 
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FIGURE 109. HEAT SHIELD PANEL LOCATIONS 
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FIGURE 110. HEATING RATE RATIO ENVELOPES FOR PANEL DESIGN 
[NOMINAL RE-ENTRY TRAJECTORY (LAMINAR FLOW)] 
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FIGURE 112 LEADING EDGE PANEL MODEL FOR STRUCTURAL 
NETWORK ANALYSIS 
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FIGURE 120b. EFFECT OF VARIATION IN HEAT RATE FACTOR ON 
HEAT SHIELD TEMPERATURES(LDNP ABLATOR, 
OVERSHOOT RE- ENTRY, CROWN PANEL, _ . 
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‘GURE 121a. EFFECT OF VARIATION IN HEAT RATE FACTOR ON 
HEAT SHIELD TEMPERATURES (NASA 602 ABLATOR, 
OVERSHOOT RE-ENTRY,LEADING EDGE PANEL, . . 
4plstag = 0.70) 
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FIGURE 121b. EFFECT OF VARIATION IN HEAT RATE FACTOR ON 
HEAT SHIELD TEMPERATURES (NASA 602 ABLATOR, 
OVERSHOOT RE-ENTRY,CROWN PANEL, 

GL/;lstag = 0.04) 
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FIGURE 122b. EFFECT OF VARIATION IN VEHICLE W/s ON HEAT 
SH I EL0 TEMPERATURES ( NASA 602 ABLATOR, 
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FIGURE 123a. EFFECT OF VARIATION IN ABLATOR THERMAL CONDUCTIVITY ON 
HEAT SHIELD TEMPERATURES (LDNP ABLATOR, OVERSHOOT 

‘F 
RE-ENTRY, LEADING EDGE PANEL, qL/;lstag = 0.70) 
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FIGURE 123b. EFFECT OF VARIATION IN ABLATOR THERMAL CONDUCTIVITY ON 
HEAT SHIELD TEMPERATURE! (:lJNP ABLATOR, OVERSHOOT 
RE-ENTRY, CROWN PANEL, qL/qstag - 0.04) 

211 



Design temperature 

Design temperature 

Ablator thermal conductivity factor 

FIGURE 124a. EFFECT OF VARIATION IN ABLATOR THERMAL CONDUCTIVITY 
ON HEAT SHIELD TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT 
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FIGURE 124b. EFFECT OF VARIATION IN ABLATOR THERMAL CONDUCTIVITY 
ON HEAT SHIELD TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT 

RE-ENTRY, CROWN PANEL, ;IL/;lStag = 0.04) 
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FIGURE 125a. EFFECT OF VARIATION IN ABLATOR DENSITY ON HEAT SHIELD 
TEMPERATURES ( LDNP ABLATOR, OVERSHOOT RE-ENTRY, LEAD I NG 
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EDGE PANEL, iL/qstag = 0.70) 
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FIGURE 125b. EFFECT OF VARIATION IN ABLATDR DENSITY ON HEAT SHIELD 
TEMPERATURES (LDNP ABLATOR, OVERSHOOT RE-ENTRY, CROWN 

PANEL, ;IL/;lstag = 0.04) 
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FIGURE 126a. EFFECT OF VARIATION IN ABLATOR DENSITY ON HEAT SHIELD 
TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT RE-ENTRY, 
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FIGURE 126b. EFFECT OF VARIATION IN ABLATOR DENSITY ON HEAT SHIELD 
TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT RE-ENTRY, 
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FIGURE 127a. EFFECT OF VARIATION IN CHAR SURFACE RECESSION RATES ON 
HEAT SHIELD TEMPERATURES (LDNP ABLATOR, OVERSHOOT RE-ENTRY, _ . 
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FIGURE 127b. EFFECT OF VARIATION IN CHAR SURFACE RECESSION RATES ON 
HEAT SHIELD TEMPERATURES (LDNP ABLATOR, OVERSHOOT RE-ENTRY, 

4L/4,tag = 0.20) 
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FIGURE 128a. EFFECT OF VARIATION OF CHAR EMISSIVITY ON HEAT SHIELD 
TEMPERATURES (LciNP ABLATOR, OVERSHOOT RE-ENTRY) 
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FIGURE 128b. EFFECT OF VARIATION OF CHAR EMISSIVITY ON HEAT SHIELD 
TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT.RE-ENTRY) 
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FIGURE 129a. EFFECT OF VARIAT ION OF TRANSP I RAT ION FACTOR ON HEAT 
SHIELD TEMPERATURES (LDNP ABLATOR, OVERSHOOT RE-ENTRY) 
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FIGURE 129b. EFFECT OF VARIATION OF TRANSPIRATION FACTOR ON HEAT 
SHIELD TEMPERATURES (NASA 602 ABLATOR, OVERSHOOT RE-ENTRY) 
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